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Abstract

The Serpe group has shown that optical devices can be fabricated by layering poly (N-
isopropylacrylamide) (pNIPAm) microgels onto a gold-coated glass substrate and then
depositing another gold layer on top. These devices, called etalons, exhibit optical
properties that depend on many characteristics, primarily temperature. Temperature is the
most basic property of pNIPAm-based microgels, as it changes their solvation state. In this
study, we modified pNIPAm-based microgels with 3-aminophenylboronic acid (APBA),
which renders them responsive to glucose; i.e., they change size in a glucose-dependent
fashion. By modifying the Au surface of a quartz crystal microbalance (QCM) with etalons
composed of these microgels, we can make QCM-based devices that shift frequency as a
function of glucose concentration in buffer solution. Again, this is a result of the microgels’
changing solvation state in response to glucose. It was determined that glucose-responsive
pNIPAm microgel-based QCM can be used as a glucose sensor. This dissertation will detail

the work done on these systems.
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CHAPTER 1 STIMULI RESPONSIVE POLYMERS, POLY
(N-ISOPROPYLACRYLAMIDE) MICROGEL BASED
ETALONS, AND QUARTZ CRYSTAL MICROBALANCES

1.1 Introduction

Over the past 50 years, sensor research has had an impact on medical and environmental

! Biosensors that can detect biological compounds such as glucose, urea, and

science.
cholesterol in blood can be used to diagnose diseases.” The general biosensing concept relies
on a physical signal that is triggered by interactions between immobilized species and target
molecules. Biosensors generally operate according to the following process:

1) A biological element (i.e., analyte) is recognized by a binding element.

2) Each binding triggers a signal.

3) Each signal is recorded

4) The records for all of the signals are collected.

5) Each signal is processed and connected to the appropriate analyte concentration.

Figure 1.1 schematically depicts the biosensor process.” Biosensor studies have been

developed to detect biomolecules such as microorganisms,® enzymes,* antibodies, and

antigens,” and to detect diseases.'¢

Physical changes Electrical Signal
Chemical changes .

Bioreceptor Data Analyzer

Figure 1.1 Biosensor components and steps of measurement. Adopted from 2. Copyright Intech
Publications.




Two kinds of biosensors are frequently used in lateral flow immunochromatographic
assays (LFAs) and enzyme-linked immunosorbent assays (ELISAs).” The LFA uses bio-
recognition probes and chromatography to detect the presence (or absence) of a targeted analyte
in a sample. LFAs are commonly used for urine-based pregnancy tests, antibody-antigen

interactions,’ and to detect cancer biomarkers.® An LFA schematic is shown in figure 1.2.

. Absorbent Pad
Capillary Flow
T E .
5 — I '.‘T".—‘ ;Tv —r—— /
S . Test Line :
Sample Application Pad Nitrocellulose Control Line
Conjugation Pad
Absorbent Pad

Capillary Flow

Sample Application Pad Test Line  Control Line

C o i ) I4— Free antibodies
Antibodies with target amlgens—§ T
— ¥ — | — v Ti Y T» T — /
Test Line  Control Line
(Positive)  (Valid Test)
D

Antibodies without target antigens —— T I%
T Y T) 3 T»' s 7o /

Test Line Control Line
(Negative) (Valid Test)

E Nothing binds to any lines

Ny N
S
L - _)_Ti vT»f'iT*
Test Line Control Line

(No color shows)

Figure 1.2 Schematic of an LFA: A) The sample with the target analyte is applied to the sample
application pad. B) The sample flows over the strip under capillary action. C) Labeled probe
biomolecules (antibodies) capture the target analyte (antigen), and the color appears at the test
and control lines. D) Color appearing only at the control line means the target analyte is not
present in sample, i.e., the results are negative. E) No color at test and control lines shows that
the antibody is damaged. Adopted from °. Copyright 2013, MDPI publications.



LFA is performed on a strip with different components assembled on the surface. The pre
immobilized reagents located on different parts of the strip become active when they contact
target analytes in the liquid sample.'” When a sample containing a target analytes are applied
to the sample application pad (figure 1.2 A), the probe biomolecules (usually labeled with gold
nanoparticles or fluorophores) capture the analyte species and flow along the strips under
capillary action (figure 1.2 B). Once the captured analytes reach the test line, the acceptors
capture the conjugated analytes and a line of color appears. After more of the fluid sample
flows along the strip, colored species that bind to analytes accumulate at the test line. Unbound
probe biomolecules accumulate at the control line, as seen in figure 1.2 C. If the sample does
not contain target biomolecules, the color shows up not at the test line but at the control line.

The ELISA is commonly used in serological tests to look for specific antigens or antibodies.
It provides a color change to identify an antigen in a liquid sample. Figure 1.3 shows a
schematic of the ELISA. The ELISA is typically performed in a 96-well polystyrene plate,
which allows the probe proteins to adsorb onto the well surface (figure 1.3 A). Next, the liquid
sample is added to the well to detect the target antigens, which bind to the primary surface-
bound antibodies (figure 1.3 B). After rinsing the well to remove unbound antigens (figure 1.3
C), secondary antibody aliquot is added. These antibodies are modified with a reporter enzyme
(figure 1.3 D) so that they change color when the enzyme reacts with its substrate (figure 1.3 E
and F).!!

The advantages of the LFA are its quick analysis time (a few minutes), ease of use, and
low cost. However, its detection limit is near 0.1 pM, which is not low enough to detect many
biological molecules of interest in samples. The ELISA analysis time is longer (approximately
one hour) than that of the LFA but its sensitivity is 10° higher. Ideally, biosensor technologies

should have a low limit of detection and fast analysis time.’
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Figure 1.3 Schematic of an ELISA: (A) Primary antibodies are precoated on the well sides. (B)
Sample antigens, including antigens targeted by the antibodies, are introduced into the well. (C)
Primary antibodies bind to target antigens. The solution is removed from the well. (D)
Secondary antibodies with reporter enzymes are introduced into the well. (E) Primary
antibodies bind to immobilized secondary antibodies. (F) The wells are washed and filled with
antibodies modified with reporter enzymes that produce a color when they bind to the target
antigen. The amount of labelled antigens is calculated by measuring the color intensity.

Surface plasmon resonance (SPR) has been used for many years to detect biomolecules
and biomolecular interactions.!? SPR-based biosensors can detect refractive index changes near
an Au sensor surface when a molecule that binds to this surface induces a change in the
refractive index at the interface between the molecule and the sensor surface.'* SPR is able to
characterize binding interactions in real-time without biomolecule labeling and therefore has
been widely adopted to determine the specificity and affinity of macromolecules (e.g., protein-
protein,'* protein-DNA,'* receptor-drug,'® and enzyme-substrate or enzyme-inhibitor).!” The
Van Duyne group developed localized surface plasmon resonance (LSPR), a detection

technique that relies on the unique properties of metal nanoparticles.!® This group also



introduced a biosensor for the early detection of biomolecules that indicate Alzheimer’s disease.
They used silver nanoparticles to help determine the interaction between amyloid beta-derived
diffusible ligands (ADDL) and anti-ADDL antibodies, which are thought to be involved in the
development of Alzheimer’s."”

The SPR signal is strongly affected by optical thickness changes in the metal film on the
sensor surface and by changes (~ 200 nm) in the refractive index of the light that strikes the

metal surface.?®

Kim et al. used this information to develop an antibody chip with
conformational specificity; the Bax protein is bound to the chip with specific rotated structure
to provide this conformational specificity. The Bax protein plays a main role in the
mitochondrial pathway for apoptosis. Kim et al. showed that the TNF-related apoptosis-
inducing ligand (TRAIL) induced conformational changes in the Bax protein which can be
represented in SPR images. Only structural alterations in the conformation of the Bax protein
were shown in these results.?!

Biomarkers are biomolecules that are indicative of disease. They can be detected if they
can be immobilized on the surface of SPR sensors and the binding changes the refractive index
of the light at the metal sample interface. Uludag et al. used SPR to detect total prostate-specific
antigen (tPSA),?* a biomarker for prostate cancer. An increase of 4 ng mL™! of prostate-specific
antigen (PSA) over the normal level in human blood indicates the possible presence of a
prostate tumor. Biomarkers exist in low concentrations in blood samples, and the limit of
detection of SPR in biosensors is 0.29 ng'mL" (8.5 pM).?> To overcome this limitation,
nanoparticles have been used to amplify the signal. SPR signals are enhanced by using
antibody-modified nanoparticles to increase the surface’s refractive index.*?

Other approaches to biosensing have used polymers modified with various

functionality/biomolecules to improve the biosensor detection limit, stability, and

sensitivity."?* For example, stimuli-responsive polymers** are able to "sense" and "respond" to



external stimuli (i.e., temperature®> and pH?*) by undergoing a change in their conformation,
size, shape, optical properties, solubility, degradation, and/or bond cleavage.”* Stimuli-
responsive polymers have beneficial properties for biosensor research, such as structure
stability, biocompatibility, and processability.?® Biosensor studies are useful in investigating
antibody-antigen® and probe-target protein®’ interactions and enzyme-substrate binding.
1.2 Stimuli-Responsive Polymers

Stimuli-responsive polymers can respond in specific ways to stimuli such as changes in
temperature and pH.2®?’ These polymers change their hydrophilicity/hydrophobicity, solubility,
and conformation in the presence of certain stimuli® and their responses are reversible. Stimuli-
responsive polymer systems are easy to modify with functional groups that can be tailored for
specific applications. For example, weak polyelectrolytes conjugated with stimuli-responsive
polymers show pH-responsive properties. At the molecular level, intra/intermolecular
interactions in the polymer chains lead to changes in properties such as charge or hydrophilicity.
Stimuli can be physical, chemical, and biological (figure 1.4).2* Temperature, pH, chemical,

and multi-responsive polymer systems are described in sections 1.2.1 to 1.2.4.24+%°



Multi Stimuli

Biological
Stimuli

Figure 1.4 Classified Stimuli-Responsive Polymer Adopted from?*. Copyright 2006, Elsevier
Ltd.

1.2.1 Physical Stimuli Responsive Polymers

Physical stimuli, which contain light, temperature, magnetic, electrical, and mechanical
deformation, affect polymer structure and chain dynamics, such as the energy level of the
polymer-solvent system. In biomedical engineering and sensing applications, temperature-
responsive polymers are commonly used because certain diseases manifest physiological
temperature changes in the human body.>** The commonly used physical stimulus is
temperature stimulus. Generally, temperature-responsive polymers are characterized by a lower
critical solution temperature (LCST) where the phase separation occurs. At this temperature,
the polymer becomes insoluble in water because of increased hydrophobic interactions. Thus,
the polymer chains form a compact structure by dehydration and have a phase separation above
the LCST (figure 1.5). A well-known temperature-responsive polymer is poly (N-
isopropylacrylamide) (pNIPAm).?*?8 In pNIPAm, temperature changes lead to conformational

changes such as swelling or shrinking. The temperature is a critical factor in polymer



performance and it should be considered in biosensor applications. Thermo-responsive

properties in pNIPAm will be discussed in Section 1.3.

>
Temperature changes

Figure 1.5 Temperature-responsive polymers change their forms when the temperature changes.

1.2.2 Chemical Stimuli-Responsive Polymers
Ionic strength and pH-responsive polymers are the mostly widely used chemical stimuli

-responsive polymers.?*?

pH is one of the most important physiological factors in disease
detection because acid and base disorders can lead to dysfunctional homeostasis in the human
body. Each compartment in the human body has a different pH range: for example, the stomach
has a pH of 1-3 and the intestine has a pH of 5-8. The pH in chronic wounds ranges from 5.4-
7.43% pH changes can cause severe damage to the human body. In general, pH-responsive
polymers have an ionisable group, such as polyelectrolytes. These groups possess the weak
acidic or basic parts attached to the polymer’s main hydrophobic backbone.?**! After the acidic
or basic moieties are ionized, electrostatic repulsions (Coulombic repulsion) take place between
generated charges, causing an extension of the random coil in the polymer network (figure
1.6).3! Another characteristic of pH-responsive polymers is that they show protonation or
deprotonation by changing pH. In a polymer network, pH changes lead to a distribution of the
charges over the ionisable groups, such as carboxyl or amino groups. When a pH change is

induced, charges are generated and phase transition occurs. Generally, pH-responsive

properties are obtained by copolymerization with weak polyelectrolytes, e.g., electrolytes that



are not fully charged in solution. The electrolytes' charges [poly (acrylic acid) (AAc)***° and
poly 3-aminophenlyboronic acid (APBA)*?] depend on changes in the solution pH.>* APBA is
commonly used as a comonomer for glucose detection.* In this thesis, we focus primarily on
APBA-functionalized pNIPAm-based microgels in glucose detection. This will be discussed in

Chapter 2.

—
pH changes

—

Figure 1.6 Chemical Stimuli-Responsive Polymer, scheme of swelling/deswelling mechanism
activated by pH changes in pH-Responsive Polymer

Ionic strength (salt concentration) -responsive polymers include cationic or anionic groups
in the polymer side chain. They show ionic strength-dependent solubility. In low ionic strength,
the polymers are soluble due to the domination of electrostatic interaction between cationic
groups. However, the polymers’ solubility decreases with the increase of ionic strength due to
the screening effect of free ions, which decreases the electrostatic interactions between cationic
groups.** The different ionic strengths change the diameter of the polymer particles, the
solubility of the polymers, and the phase transition.*

1.2.3 Biological Stimuli-Responsive (Bioresponsive)

Biological stimuli-responsive polymers change their form by recognizing biological

interactions that act as stimuli. These polymers mimic the properties of biological activities,

such as enzyme actuation,*® glucose sensitivity 3’, and drug release.



Bio-responsive hydrogels have been developed for controlled drug release, e.g., to release
insulin in response to increased blood sugar levels, providing autonomous treatment for insulin-
dependent diabetes.*® One approach for controlled drug release uses immobilized glucose
oxidase (GOx) on the polymer network. After the GOx-glucose interaction, gluconic acid is
formed. This lowers the pH, and the basic groups in the polymer are protonated. These actions
induce polymer swelling and promote insulin release.*”

Another sensor with an optical signal uses microlenses made of poly (N-
isopropylacrylamide)-co-acrylic acid (pNIPAm-co-AAc). The biotin-functionalized pNIPAm-
co-AAc microlenses detect avidin and antibiotin antibodies. Binding these proteins to surface-
bound biotin causes additional cross-linking in the gel and increases the local refractive index
of the hydrogel. This change in optical properties can be measured qualitatively; the higher the
concentration of avidin or antibiotin, the larger the increase in the refractive index.*

Highly sensitive and selective DNA detection is very important for forensic science,!
disease diagnosis,*? water analysis (for bacteria),*’ and many other applications. Pelton et al.
studied DNA oligonucleotide-conjugated microgels and their applications.** They fabricated
DNA-microgel-based bioassays to investigate whether DNA-microgel conjugates were
compatible with enzymatic reactions. They used two enzymes, T4 DNA ligase and Phi29DNA
polymerase, and covalently coupled DNA molecules on the microgel. After they amplified
DNA chain development, they used DNA-processing enzymes to manipulate the DNA-
microgel-based conjugate, and used the conjugate for the DNA-sensing application.**

Another DNA-detection technique employed probe DNA-target DNA-interaction as a
cross-linker. pNIPAm-based beads were constructed into a photonic structure, which can
convert physicochemical changes from probe- and target-DNA binding into spectral signals.*
N,N’-methylenebisacrylamide (BIS), which is a general cross-linker in the hydrogel, and single

strand DNA are used as a cross-linkers. After being polymerized with acrylamide, BIS, single
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strand DNA, and a photoinitiator, the target DNA is introduced into the gel network and specific
hybridization occurs between the probe and target DNA. This process causes the hydrogel to
collapse, which can be detected from the blue shift of the Bragg diffraction peak position shown

in figure 1.7.
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Figure 1.7 The scheme of the DNA-responé@Hydroéél photonic beads. Adapted from *.
Copyright 2010, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Antigen-antibody bonding can also serve as a cross-linker to build up antigen-responsive
hydrogels based on a semi-interpenetrating polymer network (IPN).***7 The hydrogel-
containing antibody shows a higher affinity with the free antigen than with the immobilized
antigen in hydrogel. An immobilized antibody will bind to a free antigen. The free antigen then
replaces immobilized antigen, causing the hydrogel to swell. The mechanism for the swelling

of semi-IPN hydrogel is shown in figure 1.8.

S O i
Antigen \AJ * .}p\\
rm——-

" :Antibody-immobilized polymer chain
~—— . Antigen-immobilized polymer chain
« :Free antigen
Figure 1.8 The scheme of a mechanism for the swelling of semi-IPN hydrogel in response to a
free antigen. Adapted from *°. Copyright 1999, Nature Publishing Group.

11



The hydrogel can swell because of the presence of free antigens, which leads to the
dissociation of immobilized antigen by the exchange of the free antigens. In the absence of the
free antigens, the hydrogel shrinks. The immobilized antigen-antibody interactions serve as a
crosslink among the chains. However, after the immobilized antigens change to free antigens,
due to the decrease in crosslinking density, the microgel can swell.*

In another example of bioresponsive polymer, protein-pNIPAm conjugates show LCST
behavior.*’ In Hoffman’s work, streptavidin was generated to contain a single cysteine near the
biotin binding site for the specific conjugation of a vinyl-sulfone at the end of a pNIPAm
chain.*® Generally, the binding interaction between biotin and streptavidin in pNIPAm occurs
below the LCST, while above LCST the pNIPAm collapses and blocks the binding. Figure 1.9

shows the biotin-binding capacity of the pNIPAm conjugate below and above LCST.

Polymer

Ligand

4— (Genetically engineered cysteine

+ Stimulus
—

<—
- Stimulus

Figure 1.9 The illustration of the genetically engineered cysteine site near the receptor-active
site and the binding capacity of the ligand in the polymer’s hydrated or collapsed state. Adapted
from *®. Copyright 1995, Nature Publishing Group.

Because they are biocompatible and biodegradable, hydrogel scaffolds can promote cell
adhesion in tissue engineering. The commonly studied polyethylene glycol (PEG) hydrogel is
modified with bioactive molecules such as cell-adhesive peptide (CAP), enzyme-sensitive
peptide (ESP) and growth factors to mimic extracellular matrix (ECM) biofuctions such as cell

adhesion, enzyme sensitive degradation, and growth factor bindings. This hydrogel scaffold
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was used to drive the formation and maintenance of 3D tissue structures. The scaffold can be
tailored so that it repairs tissues and organs that need to be replaced.**->°

Conventionally, cells are harvested using proteolytic enzymes such as trypsin and dispase.
These enzymes degrade cell adhesion. They then deposit ECM, which detaches the cultured
cells. They also degrade cell-cell junction proteins, so that the monolayer cells are harvested as
single cells. In this study, temperature-responsive polymers were used to detach cells from
surfaces, yielding a single cell sheet. This was done by using temperature-responsive polymers
deposited on the culture dishes. When the temperature decreases below the LCST, the cells
spontaneously lifted up from the surface without the help of proteolytic enzymes.>!?

A study by You and Auguste provides another example of bio-responsive polymers. They
synthesized pH-responsive nanoparticles comprised of N-dimethylamoniethyl methacrylate
(DMAEMA) and 2-hydroxyl methacrylate (HEMA).>* DMAEMA is a pH-responsive polymer
that has a tertiary amine group with a pKa of 7.5.>* When exposed to a low pH environment,
this pH-sensitive DMAEMA-HEMA nanoparticles-encapsulating paclitaxel swells. For
example, when exposed to a tumor, the particle swells and releases a drug.>

A similar approach used nanoparticles for gene delivery, where the triggered release of
plasmid DNA at the low pH endosome was optimized.’® The nanoparticles encapsulated the
plasmid DNA for green fluorescent protein. The particles were used for gene carrier transport
into the cell via endocytosis and endosome forms. When the endosome was in a low pH
environment, its particles swelled and released genes, leading to gene transfection at the target
nucleus.>®

GOx was conjugated to a pH-responsive polymer to make glucose-responsive polymers.

When GOx oxidizes glucose to gluconic acid, the pH change occurs in the environment. Then,

the pH-responsive polymer shows a phase transition as a response to the decreased pH.***7 A
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new approach, involving pH-responsive polymers using APBA as a glucose-responsive
polymer, will be introduced in Chapter 2.
1.2.4 Multi Stimuli Responsive

Stimuli-responsive polymers have been developed for biomedical applications. The
technology has evolved to the point where systems that respond to multiple stimuli can be
achieved. These techniques are mainly used for drug delivery systems, temperature- and pH-
responsive polymers, or magnetic and temperature-responsive polymers for self-regulated
insulin delivery.?**® We can obtain magnetic/temperature-responsive polymers from the
doping process of polymeric material with magnetic nanoparticles. These nanoparticles consist
of magnetic iron oxide (Fe3O4). The magnetic particles provide inductive heating, which
behaves as a stimulus by promoting the phase transition of temperature-responsive polymers
that release encapsulated drug molecules.’® In this thesis, we are using pH- and glucose-
responsive polymers for glucose detection.

1.3 Stimuli-Responsive Hydrogel

Hydrogels are made up of a crosslinked network of hydrophilic polymers.*!** Hydrogels
are categorized into two classes of hydrogels; physically cross-linked and chemically cross-
linked.®!

Physically cross-linked hydrogels are based on non-covalent bonds such as hydrophobic
and electrostatic interactions or hydrogen bonding. They are formed by dynamic cross-links
made of synthetic or natural building blocks.®! In particular, hydrophilic hydrogels are most
naturally inert material and they allow minimal non-specific interaction with proteins, DNA,
cells, or biomolecules.®> Chemically cross-linked hydrogels, however, are formed by covalent
bonds and do not dissolve in water without breaking those bonds.®> Hydrogels are easily
modified, typically by grafting with various functional groups or by copolymerization to yield

stimuli-responsive hydrogels that can respond to physical, chemical, or biochemical stimuli.
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When these hydrogels are exposed to external stimuli, they undergo reversible changing,
behavior such as swelling or deswelling. The magnitude of change is determined by the
hydrogel composition, cross-linking type, and degree of cross-linking.'** A molecular
interaction triggered by the sudden change in the polymer network leads to an internal stimulus,
causing stimuli-responsive hydrogels to undergo a volume-phase transition: in other words, the
hydrogels swell or collapse.®!

Stimuli-responsive hydrogels are prepared using methods including temperature-initiated
radical polymerization,** addition reaction,®® or UV-initiated polymerization.®® The hydrogels’
responsive rate depends on their composition. To increase the responsive rate, it is necessary
to decrease the crosslinking density®’ or increase a number of ionic groups in the hydrogel
matrix.®® For example, increasing the number of ionic groups using pH-responsive polymers
leads to a better response to analyte.

1.4 Poly (N-isopropylacrylamide) Microgels
pNIPAm based microgels (or hydrogels) are the most well-known stimuli-responsive

polymers. 2+ 2% ¢

pNIPAm is fully water soluble and hydrophilic below ~ 32 °C, existing as a
random coil, but it becomes water insoluble and relatively hydrophobic above ~ 32 °C,” the
LCST. Wu et al. first observed the LCST with homopolymer chains of pNIPAm in water.’!-"2
Figure 1.10 shows the chemical structure of pNIPAm. The polymer conformation in a solvent
depends on the interaction between the polymer-polymer, polymer-solvent, and solvent-solvent.
Those interactions create a balance in the system. pNIPAm in water shows solvation changes
because one interaction increases while the other decreases.”> When pNIPAm is in water, the
water molecules bind to the amide side group through hydrogen bonding at room temperature.
However, the isopropyl side groups in pNIPAm make the water structure around them. The

structured water leads to an entropically driven polymer-polymer interaction supported by the

hydrophobic effect.”> When the water is heated, it becomes a poor solvent, and the hydrogen
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bond between pNIPAm and the water is interrupted, causing the polymer chain to collapse. At
room temperature, polymer-solvent interactions are stronger than polymer-polymer

interactions, and the pNIPAm becomes swollen.’* 7

™~ & Chain Backbone
L [

Amide Side Group

= [sopropyl Side Group

Figure 1.10 Chemical Structure of pNIPAm. Amide group side and isopropyl side group
showed hydrophilic (Blue) and hydrophobic (Yellow) properties, respectively. Reprinted from
3. Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

pNIPAm-based microgels are easily tunable by adding a comonomer to the polymer
network. The commonly used comonomers that have been copolymerized with NIPAm are
AAc®® and APBA.?® AAc is widely used and easily copolymerized with NIPAm.?

AAc is a weak acid, with a pK, of ~4.25. Therefore, at pH < pKa, the pNIPAm-co-AAc
microgels become fully responsive; however, at pH > pKa, the microgels become less
responsive.’®”’ Namely, at pH > pKa, the Coulombic repulsion occurs between deprotonated
AAc groups in the AAc microgels and the pNIPAm-co-AAc microgels become swollen.”

The Serpe group uses AAc or APBA as a comonomer. The pK. value of each compound
is 4.25,76 and 8.2, ™ respectively. This is shown on a pH scale in figure 1.11. Researchers use
pNIPAm modified with APBA for glucose sensing because boronic acids bind easily to
glucose.”! The following sections will describe the pNIPAm synthesis as a micrometer diameter,
the Fabry-Pérot etalon device and its fabrication in the pNIPAm microgels system, and

pNIPAmM microgels applications.
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Boronic Acid (8.2)
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Figure 1.11 Different comonomers with their pKa

1.4.1 Synthesis of pNIPAm Microgels

In sensor applications, pNIPAm must be visible by optical microscopy and influenced by
thermal changes. Homogeneous pNIPAm particles provide enhanced optical properties.®’ To
make the particles homogenous, we should investigate the possibility of synthesizing pNIPAm
microgels.

pNIPAm-based microgels can be synthesized using various methods such as precipitation
polymerization (heterogeneous bulk polymerization), ’” anionic copolymerization, 3! emulsion
polymerization®?, and free radical precipitation polymerization (homogeneous
polymerization).®® Free radical precipitation polymerization is a general approach for the
polymerization of pNIPAm microgels with homogenous nucleation.®® This thesis focuses on
the synthesis of pNIPAm-based microgels using free radical precipitation polymerization. This
will be discussed in detail in Chapter 2. In free radical precipitation polymerization, NIPAm is
a major monomer. BIS is a commonly used cross-linker .3 Under the 65 °C, the commonly
used initiator, ammonium persulfate (APS), starts to polymerize pNIPAm microgels (figure

1.12).82
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Figure 1.12 The synthesis of a pNIPAM-based microgels using an APS initiator. The functional
group R in the comonomer with a double bond can involve radical polymerization in an aqueous
solution.

Polymerization works by APS generating sulphate radicals that initiate the polymerization.
After the initiation, pNIPAm polymer chains start to grow, until they reach a critical chain
length. The growing chain collapses because the polymerization temperature is much higher
than the LCST of the pNIPAm, resulting in a phase transition. The growing chains become
colloidally unstable precursor particles. These particles behave as nuclei to seed the
polymerization and the growing pNIPAm microgel. Eventually the reaction is halted by
termination steps, then after the monomer/cross-linker solution is depleted. The process
generates particles that have been stabilized by the electrostatics from the sulfate groups on
APS.3%35 The electrostatic stabilization creates a repulsive barrier to prevent aggregation of the
microgels.3
1.4.2 pNIPAM Microgel-Based Etalon

A Fabry-Pérot interferometer (etalon) is made by sandwiching a dielectric material
between two semitransparent mirrors. When light strikes the etalon, it is reflected at each
interface. Some light is "trapped" between the two Au layers and resonates, leading to

constructive/destructive interference. This in turn leads to certain wavelengths of light being
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enhanced, while others are not, leading to specific wavelengths of light being
reflected/transmitted.®”-3® This interference is realized as peaks in a reflectance spectrum, and
can be described by equation 1. It is shown schematically in figure 1.13.
Am=2ndcos0
where A, is the maximum wavelength of the peak(s), m is the peak order, 7 is )
Equation 1

the refractive index of the dielectric material, d is the distance between

mirrors, and 0 is the angle of incidence.

Figure 1.13 A scheme of a Fabry-Pérot interferometer

From equation 1, the wavelength A is proportional to d. Thus, an increase in # for a provided
peak of order m triggers a red-shift. In other words, the distance between two mirrors increases,
which means a red-shift in A for order m. Previous studies on the etalons using pNIPAm-based
microgels have demonstrated that when the device is immersed in different pH solutions, the
color changes due to the change in distance between the two reflective mirrors.®” According to
equation 1, the distance is directly proportional to the wavelength. As the distance decreases,
the peak wavelength of the reflected light changes, which means that the microgels have

collapsed.®”®
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Previously, the Serpe group was able to show that pH responsive pNIP Am-based microgels
could be used to generate optical devices that have visual color, exhibit unique reflectance
spectra, and contain multiple reflectance peaks.®® They demonstrated that the pNIPAm-based
microgel between two Au layers showed better performance than the non-etalon-pNIPAm
microgel platform.?® % This suggests that the etalon device contributes to pNIPAm-based
microgel sensor applications.

1.4.3 pNIPAm Microgel Applications

pNIPAm-based microgels can be used for a wide variety of applications, including
biosensing,”® water remediation,”’ and drug delivery.””> Glucose-responsive pNIPAm-based
microgels are functionalized with APBA groups. Pelton et al. showed that APBA microgels
demonstrated glucose-dependent swelling responses at physiological pH and temperature.”
APBA microgels are amphoteric, charge-switching polymers; they can be designed to either
swell or shrink in response to glucose, depending on the pH of the system. By functionalizing
pNIPAm microgels with APBA, the Serpe group was able to show that the microgels have the
potential to detect glucose. In the Serpe group’s studies, pNIPAm-co-AAc microgels were
functionalized with APBA by coupling them with I-ethyl-3-(3-dimethylaminopropryl)
carbodiimide (EDC).%® APBA microgel-based etalons showed a 110-150 nm red shift in
response to a 3 mg/mL glucose solution in 5 mM pH 9 buffer solution at 15 °C. Also, before
binding with glucose, the etalons had a volume phase transition temperature (VPTT) of 18-20
°C, which changed to 24-26 °C after glucose was added. 3>%*%*

The Serpe group showed that pNIPAm-based microgels could be used to remove organic
dye from water, specifically that pNIPAm-co-AAc microgels could remove the organic dye
molecule Orange II from an aqueous solution at room temperature.”’ The dye removal
efficiency depends on the concentration of AAc and the microgel. The concentration of BIS in

the microgel aggregates affects the uptake efficiency. Furthermore, the size of the microgels
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significantly impacts the efficiency of the dye removal. The Serpe group’s work will be used
to remove the contaminants (including polycyclic aromatic hydrocarbons (PAHs), metals, and
naphthenic acids) from water.”

The Pelton group was able to show that carboxylic acid functionalized pNIPAm-based
microgel-uptake cationic drugs.”® A high degree of drug uptake was observed when the
microgels were protonated at pH 4. A low degree of drug release was observed when the acid-
base interactions were eliminated.’® However, uncharged microgel and anionic drugs showed
better uptake than cationic drugs, because, in microgels, hydrophobic partitioning plays an
important role in drug uptake.

The Richtering group developed biosensor applications that involved microgel/enzyme
thin films that adsorbed on conductive substrates.”” The microgels adsorbed under the
appropriate condition: a hydrophobic non-charge state. The microgel and the enzyme were
oppositely charged under certain pH conditions. After the subsequent electrostatic interaction
between the microgel and enzyme, the larger amount of enzyme could bind to microgel during
the subsequent adsorption. This is not only a surface adsorption; the materials also absorb the
enzyme molecules inside the microgel, similar to a sponge soaking up a liquid. This approach
is used for surface modification in biosensor applications.’’

In Section 1.2.3, we explained that pNIPAm has cell-adhesive bioresponsive properties
that show adhesion, as well as mechanical properties, and it can be used as a switchable cell
culture substrate.”® Because the pNIPAm microgels have a LCST close to body temperature,
they have been used in cell culture engineering applications. Schmidt et al. seeded L929 mouse
fibroblasts on microgel film in a cell culture and incubated cell culture for 48 hours at 37 °C.
After being incubated in the cell culture and cooled to 25 °C, nearly all of the cells were

detached from the pNIPAm films by gentle rinsing.”® This shows that using a pNIPAm
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microgel-coated surface makes it possible to efficiently switch from cell-adhesion to cell-
detachment using simple temperature stimulus.”®

The Serpe group and others have demonstrated that optical sensors can be very useful for
sensing and biosensing.”® Marzan et al. introduced gold nanoparticles into pNIPAm microgel
particles.'® The use of surfactants, such as cetyltrimethyl ammonium bromide (CTAB) has
proven efficient for synthesizing a variety of sizes of gold (metal) nanoparticles.!’! Marzan et
al. used encapsulated CTAB-coated gold nanoparticles within pNIPAm microgels to make a
core-shell structure. These microgels showed a thermo-responsivity similar to that of pure
pNIPAm microgels. The temperature-dependent solvation state was preserved, and was
reversible. Gold (metal) nanoparticles can be grown in the microgel network. Different CTAB
concentrations will result in different morphologies. Encapsulating the gold (metal) particles in
pNIPAm is a useful approach in applications involving optical sensing of temperature or pH in
intracellular imaging.'®

The Pichot group showed that DNA could be immobilized on pNIPAm microgels by
synthesizing the microgels with amine functionality; the oligo-deoxyribonucleotides (ODN)
with an amine on the 5° end reacted with 1,4-phenylene diisocyanate in a 1:2 ratio so that one
of the isocyanates was coupled to the ODN, leaving the other isocyanate side free. After
purification, the DNA was able to be coupled to the microgel by the free isocyanate, where it
reacted with the amine on the particle surface. The immobilized DNA on the microgel was used
for specific target DNA detection.!'®?

As shown in figure 1.14, the Needham group introduced the controlled release of a drug
from a microgel copolymerized with methacrylic acid.”® This process followed general pH-
responsive microgel properties. When the microgels were swollen, the drug, doxorubicin, was
loaded into the microgel network. The particles were coated with a lipid bilayer to prevent the

drug from leaking out of the polymer when the particles condensed at a pH value below the
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methacrylic acid pKa. After the pH was reduced to less than the pK, of the methacrylic acid, the
microgel collapsed and the lipid bilayer coated its surface to prevent the drug from leaking. To
release the drug, the Needham group used an ion exchange to make pores on the microgel

surface.”?

Figure 1.14 The scheme of drug loading and release process in pNIPAm-based controlled drug
release. Reprinted from °2. Copyright 1998, Nature Macmillan Publishers Ltd.

The Lyon group explored microgels for targeted drug release by generating folic acid-
modified pPNIPAm core-shell microgels that can localize at cancer cells.!* Folic acid is a well-
known ligand for targeting cancer cells because most cancer cells overexpress folate receptors.
The Lyon group labeled the microgel core with a fluorophore. The pNIPAm shell contained a
primary amine, which could be used to attach the folic acid to the microgel shell. The pNIPAm
microgels were then incubated with cancer cells that overexpressed the folate receptor. The
microgels were taken up in the cells, where they exhibited cytotoxicity. '

The Lyon group’s work generated glucose-responsive core-shell microgels that could
respond by changing the solvation state in the presence of various concentrations of glucose.'®

The microgels could be used to detect glucose levels in solution (or blood), which suggests that

they are a potential glucose sensor. The development of the glucose sensor for diabetes
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diagnosis and the selectivity of glucose are the focus of this thesis and are discussed in detail
in Chapter 3.
1.5 Quartz Crystal Microbalance

The main technique used in the work in this thesis is quartz crystal microbalance (QCM).
This section will discuss the basic QCM principle and its applications in biosensor studies. In
the work for this thesis, pNIPAm microgels were coated on QCM crystal surfaces and used to
sense glucose.

Many techniques are available for sensing applications, such as microcantilevers (MC),
nanowires (NW), immunofluorescent assays (IFA), and ELISA.” QCM can be used for
biosensing due to its resonant frequency shift in response to mass and viscosity changes at its
surface.” QCM provides qualitative and quantitative information about biomolecular
interactions by monitoring the change in mass on the quartz crystal surface’s functionalized
layer. The mass changes lead to a resonant frequency shift of the quartz crystal.!® QCM has
many advantages, including sub-nanogram detection capabilities. It is inexpensive to create and
can characterize diverse interactions.!?® Its limit of detection ranges from micro- to sub-
nanogram and the mass is determined by the viscoelasticity of the deposited materials.'%®

QCM’s operation mechanism is based on the converse piezoelectric effect. Piezoelectricity
comes from the Greek word, piezein, which means to press. Piezoelectricity is the process by
which electrical charges are generated when a mechanical force is applied to the surface of
crystalline materials.” The surface of the QCM crystal can be modified with any number of
coatings and/or biomolecular receptors and used for sensing and biosensing. The coating
material interacts chemically or physically with the targeting materials.!?'% Consequently,
QCM crystal is not disturbed by any unintended molecules that could bind to its surface, a
process that leads to an unintended resonant frequency shift.!% % Generally, the electrodes

consist of gold, silver, platinum, aluminum or nickel, and cover the quartz crystal from top to
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bottom. Also, wire leads are attached to the electrodes and connected to oscillator circuit.’
Figure 1.15 shows the coated materials on QCM crystal’s surface. The top layer contains a gold

electrode. Coating materials are deposited on the top gold electrode.

Coated Material
Gold Electrode
Quartz Crystal
Gold Electrode

Figure 1.15 The side-view of coated material modified QCM crystal

Generally, QCM crystal is AT-cut form and its structure allows the crystal to oscillate
stably at room temperature. Its thickness shear mode (TSM) is almost temperature-independent
and responds to pressure fluctuations in the resonant frequency of the quartz crystal. AT-cut
quartz crystals are commonly used as a sensor because of their piezoelectric properties,
resonance behavior, and sensing mass changes. When alternating current (AC) voltage is
applied to a pair of electrodes (typically Au) sandwiching a specially cut QCM crystal, QCM
crystal can be excited electrically. Then QCM crystal undergoes an oscillating shearing motion
at a certain resonant frequency. The frequency is highly dependent on mass and viscosity.!%-
119 This resonant frequency and mass shift value are calculated using a Sauerbrey equation,'!!

as shown in equation 2:

2f2 1

Af = — Am= —n—-Am Equation 2
Ay Pqlq ¢

where fo is the initial resonant frequency (Hz) value of the QCM crystal, Af1is the frequency
(Hz) shift measured by the QCM, Am is the change in mass (g), 4 is the area of the electrode
(cm?), pq is the density of quartz (2.648 g/cm?), c, for a 5 MHz resonator oscillation at its

fundamental mode (n=1) is 17.7 ng/cm?Hz! and pg is the shear modulus of quartz (2.947x10"!
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g/cm s?). From the Sauerbrey equation, it is possible to consider that an increase in mass on the
electrode surface results in a linear decrease in the quartz crystal’s resonant frequency. This
equation provides that the change in mass (Am) is the significant component in the equation,
affecting the crystal’s resonant frequency value (Af). It also demonstrates that QCM is able to
detect mass changing with near nanogram sensitivity, which is more than 1000 times better
than a conventional electronic balance, which has 0.1 microgram sensitivity.'!!

The advantage of a QCM sensor is that it can be used to monitor adsorbing analytes on the
QCM crystal surface in real-time. QCM measurements provide quantitative and qualitative
information about biomolecular interactions between analytes and a modified surface. In
addition, QCM provides mass shift on a nanogram scale by detecting the mass of material that
binds to the QCM crystal surface. This mass shift is also calculated by the Sauerbrey equation.
Mostly, the sensor is modified with specific surface chemistry and it interacts with analytes.!%
However, QCM can only serve a function as a mass sensor in the gas phase. Even though QCM
crystal can be modified by liquid and solid materials, the Sauerbrey equation is only valid for
gas phase processes. It may provide information about the liquid and solid phases but cannot
be applied if the mass is deposited under liquid and inelastic conditions. QCM can be used in
the liquid phase only if the bulk’s properties have conductivity, a dielectric constant, viscosity,
and density. Kanazawa and Gordon demonstrated and verified when QCM is operated under
this specific condition and derived the following equation, equation 3, for calculating the
resonant frequency shift measured in the liquid phase.'%

CfgAm 3 Equation 3
Af= A +Cef [(An,Apy, quation

The same as equation 2, Af represents the measured resonant frequency change

(Hz), C;represents the Sauerbrey constant that depends on f; and increases proportionally by

increasing the overtone number or the integrated QCM/mass sensitivity, f; is the fundamental
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frequency (Hz) of an AT-cut quartz crystal, Am is the change in mass (g), uqis the shear
modulus of an AT-cut quartz crystal  (2.947x10!" g/em™'s?), andp,is the density
of quartz crystal (2.648 g/cm™). The 7. indicates the absolute viscosity of the liquid,
and p, represents the absolute density of the liquid.

This modified equation demonstrates that the measuring resonant frequency shift of QCM
performing in the liquid phase depends on the square root of the product of the density and
viscosity of the liquid.!'? Generally this viscous liquid is called viscoelastic material and this
material has both properties: density and viscosity. The QCM operation can take place under
both the gas phase and the viscoelastic phase. As shown in equation 3, the resonant frequency
of QCM crystal decreases as the viscosity of the viscoelastic material on the quartz crystal
increases. When it comes to the pNIPAm polymer in QCM, pNIPAm changes its conformation
to the collapsed state: in other words, increased viscosity leads to an increased resistance of
QCM oscillation, decreasing the quartz crystal’s resonant frequency. However, when pNIPAm
reaches a low viscous state, it promotes QCM crystal’s oscillations and QCM shows increased
resonant frequency. This suggests that a resonance frequency shift has occurred, since pNIPAm
shows a transition from a swollen state to the deswollen state (low viscosity to high viscosity)
or from a deswollen state to the swollen state (high viscosity to low viscosity).!!

The QCM measurement is based on an interaction between binding materials and the top
gold electrode of the QCM crystal. Of the other sensors, the biosensor in particular focuses on
surface chemistry, measuring specific binding events on functionalized surfaces. This makes
QCM an excellent candidate as a biosensor, as well as for protein adsorption,'” antibody-

3 and cell attachment or adhesion to a surface.''* Furthermore, QCM

antigen interaction,!!
measurement with dissipation technology allows quantitative analysis in a thermal metal

evaporator to monitor the thickness of the deposited metal on the surface. If the mass coverage
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is uniform, the film thickness is easily calculated by dividing the mass per unit area provided

by the Sauerbrey equation. Equation 4 is shown below:

where Ty, is the thickness of the film material in cm, pr is the density of the film material in

g/cm®, and Am is the change in mass per unit area in g/cm?.!'

1.5.1 Etalon Fabrication on a QCM

Etalon fabrication with pNIPAm microgels enhances the sensitivity of i
Equation 4

the microgels’ stimuli-responsivity. Figure 1.16 shows a pNIPAm microgel-based etalon.®’-

Microgels are sandwiched between two chromium/gold layers. The Serpe group has
demonstrated that the presence of an Au overlayer of etalon interacting with microgels on the
quartz crystal leads to enhanced sensitivity.*!"%? For instance, above the LCST and pH < pKa,
the microgels enter a collapsed state and the Au overlayer of the etalon gets close to the QCM
crystal, causing the crystal to sense the mass of the Au overlayer and resist oscillation. As a
result, the QCM measures an initial resonant frequency shift that is lower than what it would
be compared to a microgel without an AU overlayer. In this case, the quartz crystal senses the
microgel’s viscosity only and its initial resonant frequency is not as low as is observed for

etalon fabricated on a QCM crystal.!!¢

o Cr/Au layer

F v Vv Vv Vv X +— pNIPAm microgels

"\ Cr/Au layer

Figure 1.16 pNIPAm-based microgel etalon fabrication
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In both cases, however, the microgels become swollen when the temperature is below the
LCST or pH > pK. and the resonant frequency increases at approximately the same value. This
is because even though the microgels are swollen, the QCM crystal cannot detect the Au layer.
This proves that etalon fabricated on a QCM crystal shows a much larger resonant frequency
shift from the collapsed state than from the swollen state, which is in contrast with what happens
to microgels coated only on the QCM crystal. In other words, the Au overlayer makes the QCM
device much more sensitive to temperature or pH deviations, because it provides a larger
frequency shift and allows many applications in pNIPAm microgel-based biosensors. !¢
1.5.2 Surface Chemistry in QCM study

Etalon must be fabricated on the surface of QCM crystal. The surface refers to the QCM
electrode that is exposed to the gas or liquid environment. The surface chemistry of QCM
involves adsorption of functional group on the surface of crystal. Two different adsorption
methods, physical and chemical, are used in the QCM system. Physical adsorption includes
non-specific interactions, such as hydrophobic bonds, and hydrogen bonds, all of which are
weak or non-covalent bonds. Chemical adsorption includes specific interactions, such as self-
assembled monolayers (SAMs), plasma-polymerized films (PPFs), and photochemistry, which
are strong covalent bonds between the crystal’s substance and surface. The advantages of
physical adsorption are that it requires a simple experimental preparation, and has the potential
for reversibility. Surface chemistry in physical and chemical adsorption for QCM will be
discussed following sections.!%
1.5.2.1 Physisorption on QCM
Hydrophobic bonds

The most common use of a non-covalent bond is in a hydrophobic interaction between a
functionalized layer and an electrode surface. This functionalized layer is usually bounded on

the gold electrode. Generally, the hydrophobic interaction takes place between the protein and
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the layer. The hydrophobic interactions based on QCM used a cholesterol biosensor such as
cholesterol oxidase attached directly to the electrode surface,!'” and an influenza virus
hemagglutinin antigen immunosensor based on the direct attachment of an anti-hemaggluinin
antibody on the electrode surface.'%® '8 The binding of any proteins to the QCM crystal surface
decreases resonant frequency, which suggests that the frequency changes to detect the presence
of the proteins. However, hydrophobic interactions provide a weak bond between the electrode
and the very first protein layer. Appropriate potential is required for continuing the incubation
steps needed for the protein to be successfully adsorbed.!%®
Ionic Bonds

Another physical adsorption method based on surface chemistry uses electrostatic
interactions for polyelectrolyte/electrostatic layer-by-layer (LBL) assembly. In this LBL
assembly, thin films are deposited by alternate adsorption of opposite-charged polyions such
as cationic chitosan and anionic hyaluronic acid.'' Surface chemistry based on
polyelectrolyte/electrostatic  LBL  assembly is useful in developing clinical
immunosensors.'?° The immobilized LBL assembly on the electrode surface and the very top
layer create an electrostatic interaction against the targeting material. Each layer has a positive
or negative charge, and the charges alternate from layer to layer. The QCM is able to monitor
the assembly process of polyionic layers. Also, by measuring the resonant frequency changes,
it detects when the anti-substance layer from the surrounding solution interacts with the
immobilized layer. These polyelectrolyte/electrostatic LBL assembled multilayers have great
thermal and mechanical stability, and their constituent molecules are not damaged by layer

deposition. However this system has a propensity to leak.'?!

1.5.2.2 Chemisorption on QCM

Self-Assembled Monolayers (SAMs)
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SAMs consist of a single layer of surface molecules. SAMs are precisely ordered and
oriented immobilized molecules. Generally, alkane-thiols are bound parallel on a gold surface.
The gold group in alkane-thiols is attached to the gold surface until the alkane chains are close
enough to have interactions with each other. The alkane groups are lifted up from the surface
but remain packed to the gold electrode by the thiol groups. Consequently, the surface of the
gold electrode is covered by a single alkane-thiol layer, which is oriented at an angle of 30°C

from the gold electrode (figure 1.17).1%

4— Alkane Group

Thiol Group
Gold Substrate

Figure 1.17 Scheme of Self-Assembled Monolayers’ deposition on QCM crystal. Adapted from
122 Copyright 2001, Science Publication.

As mentioned above, the single SAMs consist of long-chain alkane-thiols, which are
generally at least 11 carbon atoms in length. Because of the alkane chain’s hydrophobicity,
hydrophobic interactions between alkyl chains and these alkane-thiol chains are highly ordered
and well-packed.!?? These well-packed SAMs are used in a majority of QCM devices.

The advantage of SAM-based device surface chemistry is that it is simple to prepare. The
preparation requires only a washing-off process after the SAMs’ deposition. In addition, SAMs
are allowed to have a reproducibility as a QCM device. In fact, from the recent study, SAMs

based QCM is regenerated more times than Protein A (PrA)-modified on QCM crystal. SAMs
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also can be used to facilitate biological membranes and prohibit non-specific adsorption of

proteins. ' 123

1.5.2.3 Plasma-Polymerized Films (PPFs)

Another method for depositing a layer on a QCM uses plasma-polymerized films (PPFs).
Some examples of PPF include Protein-A (PrA) or Protein-G (PrG). Depositing a PPF on the
surface of a QCM and other biosensors requires a special apparatus, which is generally used in
research labs. The apparatus contains a gas bomb or liquid reservoir and mass-flow controller.
The controller leads to a closed chamber containing the substrate that operates the apparatus.
There is a vacuum pump at the bottom of the closed chamber and a radio frequency generator
and matching network near the substrate. The first step for depositing PPFs on the surface is to
supply vaporizing gas or liquid monomer using a gas bomb or liquid reservoir, respectively.
Once the plasma pressure and the flow rate of the monomer are controlled, electromagnetic
power is applied to inductive coils or capacitance to initiate the monomers for polymerization.
Then, the thin film is deposited on the electrode surface of the quartz crystal.!?*

PPF surface chemistry in QCM devices has been studied to detect antigens and DNA. In
order to detect ovalbumin, which is allergenic egg protein, Papadopoulu-Bouraoui et al.
designed DNA hybridization with an immobilized ssDNA probe for DNA detection and active
amino group deposition using plasma-polymerization of polyallylamine on the gold surface of
a QCM.!25126 polyallylamine with a PPF can also detect albumin and it may be useful as a
QCM to sense allergenic food proteins.!?” Fabricating PPFs on a gold electrode can lead to
numerous biosensor applications. The functionalized PPFs on the electrode surface are thin,
generally less than 1 um. This provides great adhesion onto substrates and flat surfaces. The
PPFs’ highly branched polymer network also makes the mechanically and chemically stable.

Another advantage is that PPFs are biocompatible with enzymes and antibodies. Furthermore,

plasma-polymerized amines do not shrink or swell as poly (acrylamide) hydrogels do and are
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not odorous as thiol SAMS are.!?® However, even though the PPF method has many advantages,
organic vapors are not stable, do not last long, and are not highly oriented and arranged as
SAMs are. Also, if the sample is exposed to air after the reaction begins, amine PPFs may react
with oxygen and generate to peroxides.!'% 125
1.5.3 QCM Applications

QCM can provide information about biomolecular interactions by showing changes in
mass at the probe-immobilized surface of the quartz crystal. The change can be shown by the
quartz crystal’s resonant frequency shift. The QCM is commonly used as a biosensor for protein
and DNA adsorption, as mass changes can be detected on its surface.!’ The surface chemistry
that has been used to functionalize the QCM surface suggests that QCM has numerous
applications.!?® In biological sensors, proteins such as bacteria, fungi, antibodies, antigens, and
viruses are adsorbed on a QCM surface '2°13° The QCM has a wide variety of applications. In

131-132 4d the detection

this section, we introduce two of those: the detection of gaseous species,
of carbohydrates.!33"13 Most QCM crystal surfaces are coated with polymeric film. Depending
on the film’s physical or chemical response, it becomes hydrophilic or hydrophobic when they
are exposed to reaction.!?® Similarly, the simple process of coating (painting) pNIPAm-based
microgels on QCM crystal provides numerous biosensing applications. This thesis focuses on
making a glucose sensor using pNIPAM-co-APBA microgels modified using QCM.
1.5.3.1 Detection of Gaseous Species

QCM is generally used in gas phase material sensing. As Marx showed,'!! QCM has been
used to detect volatile/vapor-phase species and for sensing environmental contaminants.'3!-132
A special technique, sensing ionic liquids (SILs), can be used to thin-coat the QCM surface for
the chemoselective real-time detection of aldehyde, ketone, and amine gases.'*? This SILs

technique does not require dilution with solvents. Also, once the coated film is deposited on

the surface, it is easily removed using methanol, and a new film can then replace the old one.
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SILs does not encounter problems related to porous solid materials used as adsorbents for gas
adsorption. The commonly known problems include pore size and shape, surface area, thermal
stability, and complex adsorption behaviors. This technique is able to overcome these problems.
Also, it is easy to coat and remove the film, which makes it possible to regenerate the surface
simply by washing. Because it provides an analytical signal to the QCM, the chemical reaction
between gaseous species analytes and coated film on the QCM crystal can provide the resonant
frequency shift that indicates that mass changes have occurred.'%
1.5.3.2 Detection of Carbohydrates

Hyperglycemia and diabetes, which result from poor insulin homeostasis in the body, have
led to serious medical problems for WHO. The ability to monitor the concentration of glucose
in the blood serum is critical for the management of diabetes.!** Two different methods for
detecting glucose will be introduced, the first of which is graphene nanosheets deposited on the
QCM crystal surface and QCM biosensor. After the nanosheets are adsorbed, phenoxydextran
is injected into the nanosheets. Phenoxydextran has a lower binding affinity than glucose to
Concanavalin A. This method showed that due to n-n stacking interactions, phenoxydextran
molecules were capable of adsorption on the graphene surface. Concanavalin A was added, and
its molecules started to conjugate to dextran. When glucose was added to the QCM cell, it
competed for binding sites on Concanavalin A and dextran. Dextran has a relatively low
binding affinity with Concanavalin A. Therefore dextran was detached from the graphene
nanosheets and glucose-bound to Concanavalin A. As a result, a resonant frequency shift
occurred and the limit of detection was 5.0 pM. 10612

Another glucose detection technique was conjugated to gold nanoparticles carbohydrates.
This technique used a polymer containing boronic acid. This polymer is commonly used as a
glucose sensor, and can selectively and sensitively detect various carbohydrates. A polymer

containing boronic acid was coated on the surface of the QCM crystal, and gold nanoparticles
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and carbohydrates conjugated with each other to form multivalent carbohydrates. When they
bound to the boronic acid, the electrical signal was amplified.'’!3* This suggests that two
different methods can be used for carbohydrate detection by QCM. One, the graphene
nanosheet deposited on QCM crystal, introduced the material with a lower binding affinity with
analytes on the p surface. After the analytes were added, the material was detached and the
analytes bound to the probe. The other method introduced the material with great binding
affinity to analytes on the immobilized probe on the surface. Once the analytes bound to the

probe, the frequency shift was amplified.!**

1.5.4 Previous QCM studies

QCM is widely used in many applications including interactions between molecules,
depositing layers on the surface of quartz crystal, and nanogram scale mass changes. Surface
and coating chemistry are closely related to QCM techniques. QCM can be used as a sensor to

monitor mass changes or adsorption on the surface layer.

1.5.4.1 DNA Sensing

DNA sensing, immobilization, hybridization, and hydrolytic cleavage are monitored in
real-time from frequency shifts through an electrode on quartz crystal.!3>-13¢ This study showed
that it is possible to use a QCM-based biosensor in immunosensor research. I. Karamollaoglu
et al.,’® investigated a mass-sensitive QCM-based DNA biosensor to detect the hybridization
of a CaMV 35S promoter sequence (P35S) to study the screening of genetically modified
organisms (GMOs). The food industry has focused on detecting specific DNA sequences in
order to screen target sequences for genetically modified organisms. The I. Karamollaoglu et
al. study is based on the immobilization of probe sequences coated on the gold surface on the

QCM crystal and used a thiol group, because of thiol’s excellent interaction with gold and its
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ability to immobilize on a QCM surface. There is a transgene in a certain region of the CaMV
35S promoter sequence. This transgene performs as a probe to detect GMOs. After the probe
detects GMOs and hybridization occurs, the resonance frequency in QCM decreases.'” In this
study, the QCM showed that the immobilized probes on the gold surface with thiol groups can
detect GMOs. Their hybridization shows that mass changes on the QCM crystal surface
decrease resonant frequency.

The QCM-based DNA sensor has attracted attention because it is time-resolved, has the
sensitivity to detect non-labeled DNA or single mismatched DNA, and can perform multi-
analysis. The principle of QCM-based DNA biosensors is the complementary interaction
between the specific DNA sequences and the DNA probe. It is necessary to use an immobilized

DNA probe on the surface of quartz crystal (figure 1.18).

) ===} Resonance Frequency
Targeting Shift Signal Amplified
DNA
Immobilized DNA Probe Hybridization

Figure 1.18 Schematic illustration of QCM-based DNA detection by immobilized DNA probe
on the QCM surface. Reprinted from'3®. Copyright 2001, Elsevier LTD.

Zhou et al. demonstrated that different types of biotin-DNA probes immobilized in the film
on the QCM surface affect sensor sensitivity.!*® It was suggested that six different layers of
film, either single or multi-layers, were immobilized on the surface of the QCM crystal. As a
result, the multi-layer film-based biotin-DNA probe showed the highest frequency shift around
350Hz. This shows that targeting DNAs can penetrate into multi layers of film, allowing the

film to detect more targeting DNAs and thus enhancing sensitivity. The multi-layered film
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showed a faster response, and high hybridization and sensitivity. This study investigated that a
biotin-based DNA probe showed a different efficiency, which depended on the level of covalent
or electrical adsorption on single or multi layers.!3%13

Diagnosis using QCM has a great advantage over the more conventional method,
fluorescence-labeling. First, it is not necessary to require pre- or after-treatment of the sample,
and it is possible to monitor the sample’s hybridization in-situ. Other advantages include the

speed of the measurement instrument, low cost, and simple instrumental setup.'38-13

1.5.4.2 Protein Sensing

Hoo6k performed protein adsorption on QCM under liquid conditions. As discussed in
Section 1.5, in general, QCM has been used in gas or liquid conditions, and only if rigid material
on the the surface is applied using a Sauerbrey equation. However, it is difficult to analyze
QCM results using the Sauerbrey equation. The protein adsorption in aqueous solutions is such
that the assumptions under the Sauerbrey equation cannot be applied. The non-rigid nature of
protein molecules implies that the energy dissipation of the system could be affected. Another
possible reason that it is difficult to analyze QCM results using the Sauerbrey equation is that
the protein molecules could trap the water molecules, leading to an increase in mass.'*° In order
to obtain an accurate amount of protein adsorbed on the surface in the liquid system, frequency
and mass shift have to be considered, as does the dissipation factor. The dissipation factor is
explained after equation 5.

_ l Elost

—_— Equation 5
Q 2 Egtored q

where Q is the quality factor of crystal, Es. is the energy lost per oscillation, and Estored is the

energy that remains following an oscillation. The larger D value indicates the softer and more
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swollen phase, while the smaller D value exhibits a relatively rigid and collapsed phase

adsorbed on the crystal.!
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Figure 1.19 Afvs t and AD vs t for the adsorption of Hb on the QCM surface at pH 6.5 and 7.0
The influence of pH on the Hb adsorption kinetics is also illustrated by the D-f plot (c). The
simple linear behavior at pH 7.0 is replaced by a two-phase behavior at pH 6.5, where the total
mass uptake and final dissipation shift are larger. Reprinted from '*!. Copyright 1998, ACS
publication.

Frequency shift (Af) and (AD) represent the mass changing and viscosity of adsorbed
material, respectively. Thus, the protein adsorption measurement in QCM is affected by the
relationship between Af'and AD. In this study, Ho6k investigated protein adsorption, including
molecules ranging in size from small to large. He tested the adsorption of hemoglobin (Hb) in
pH 6.5 and 7.0. At the beginning of the study, the resonant frequency decreased due to an
increase in mass. However, the rate of the increasing dissipation shift slowed because the
surface of the crystal quickly became saturated. In the case of AD, AD increased, which is the
opposite of what happened to Af; as seen in Figure 1.19.'4!

The protein was deposited on the surface during the fast and slow phases of adsorption
because of different relative dissipation rates. This suggests that a single protein can form
adlayers with different viscoelastic properties, depending on the interaction between the surface
and the adlayers. Therefore it is necessary to investigate Af and AD in Newtonian fluid to
generate accurate data during the QCM measurement shown in equations 6 and 7. When crystal
is immersed in water, the dissipation factor shifts are induced by coupling the crystal shearing

motion in Newtonian fluid. This was suggested by Stockbridge in 1966.141-142.143
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where v, is the shear velocity of quartz, p, is the density of quartz, v, is the shear
velocity of liquid, and p; is the density of liquid. These two equations assume that: i) The fluid
is coupled to the oscillatory motion of the crystal: in other words, there is a no-slip condition;
ii) The surface is smooth enough and no liquid can be trapped in the pores. The surface of the
crystal is very smooth, so nothing can be trapped in pores.'*1-142

Moreover, the moment the protein molecules adsorb on the surface of the QCM, the
following must be considered: the interface between the liquid and the protein and the interface
between the protein and the QCM crystal surface. Overall, there are three interfaces in this
system for D-shifts; i) at the QCM surface interface and protein, i7) within the protein layer
(including trapped water molecules), iii) in the protein and liquid environments. These three
possible candidates may affect the mass changes. These changes include not only the amount
of protein adsorption but also the additional mass shift, including trapped water molecules. In
order to obtain reliable mass changes, the AD concept is introduced and the ratio of AD/Af'is
measured.'”

Hook also tested the material’s different size and viscoelastic properties adsorbed on the
QCM and measured the ratio of AD/Af and the small globular proteins, which are relatively
dense and rigid compared to large compounds such as myoglobin (Mb) and hemoglobin
(Hb).'*! The dense and rigid compounds showed the lowest AD/Af value, and the increasing
AD/Af value ranging from the large flexible protein (fibrinogen, immunoglobulin) to larger
viscoelastic and large macro molecular compounds. The latter two compounds have a relatively

high viscoelasticity compared to small proteins, such as living cells and bacteria, and showed
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the largest AD/Af value.!%141-142 This result does not exclude the mass changing, which means
that water molecules could be trapped by proteins or directly bound on the surface. However,
the largest AD/Af value is focused only on Af, indicating mass changes but a considered AD
energy loss. This indicates that the AD/Af value provided a much more reliable amount of
protein adsorption than the amount calculated by the Sauerbrey equation. The amount of
adsorbed protein from AD/Af value is similar data from ellipsometry or optical waveguide
lightmode spectroscopy measurement.!*! The AD/Af value in the QCM measurement has a
limitation: it cannot clearly state the exact amount of proteins adsorbed. This is a challenge for

further QCM-based protein detection or adsorption studies.'*!
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1.6 Outline of the Thesis

This thesis discusses the application of stimuli-responsive polymers on glucose sensors.
Chapter 2 will explain the development of a glucose biosensor and illustrate how pNIPAm-co-
APBA microgels can respond to glucose when a pNIPAm-based microgel is the main
component in a glucose-responsive polymer that contains a boronic acid group. The pNIPAm-
based microgel copolymerizes with APBA performs glucose detection in solution by
responding to various pH levels. The magnitude of glucose detection will be represented by a
QCM measurement, resonant frequency shift. Chapter 3 will focus on the selectivity and
regeneration performance in a pNIPAm-co-APBA microgel-modified QCM device. This
thesis’s main objective is to show that the proposed pNIPAm-co-APBA microgel-modified

glucose sensor is highly selective to glucose in other sugars and is regenerable.
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CHAPTER 2 POLY (N-ISOPROPYLACRYLAMIDE)
MICROGEL BASED ETALONS FOR GLUCOSE DETECTION

2.1 Introduction

In Chapter 1, we introduced stimuli-responsive polymers, specifically poly (N-
isopropylacrylamide) (pNIPAm)-based microgels. Microgels become pH-responsive when,
during polymerization, we add comonomers containing weak polyelectrolyte groups. This
chapter details the pNIPAm-co-(3-aminophenlyboronic acid) (APBA) microgels, and their
response to glucose. In our study, we fabricated etalons directly onto the surface of quartz
crystal microbalance (QCM) crystal and characterized their response to glucose concentrations
in solution by measuring the resonant frequency of QCM crystal. This chapter will introduce
the development of a glucose biosensor and investigate different compositions of APBA in
pNIPAm-co-APBA microgels and show how diameter affects the microgels’ glucose
responsivity. We also looked at how ultraviolet visible spectroscopy (UV-VIS) can be used to
show how different glucose concentrations affect microgels’ glucose sensitivity. Also, adding
glucose changes the microgel layer on the QCM crystal. Atomic force microscopy (AFM) was
used to measure the height of microgel layer.
2.1.1 The Development of a Glucose Biosensor

Diabetes mellitus is one of the most common endocrine disorders that affects carbohydrate
metabolism, and is a major cause of human morbidity and mortality. A sedentary lifestyle has
led to increased obesity. This, along with changes in (or poor) eating habits, has led to an
increased occurrence of diabetes mellitus.

Glucose levels in blood vary before and after meals, and throughout the day. In general,
the normal fasting glucose concentration level range for most adults is between 0.08 and 0.11

g/dL (dL=100 mL). People whose range is consistently below 0.07 g/dL are considered
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hypoglycemic. Adults whose fasting blood glucose level exceeds 0.126 g/dL and whose level
two hours after a meal is over 0.2 g/dL have diabetes mellitus (i.e., hyperglycemia).'**
Hyperglycemia occurs under two conditions: when people do not have enough insulin in their
body to keep their glucose level at a normal range, and/or when people fail to take their diabetes
medicine.'*"1% Diabetes mellitus is classified into two types; type 1 is caused by low insulin
levels. Most type 1 patients are children and young people whose condition is the result of a
damaged pancreas (usually caused by genetic disorder). Type 2 is caused by resistance to
insulin at the cellular level, and is commonly found in older individuals. The causes of
hypoglycemia are kidney failure, liver disease, starvation, and inborn error of metabolism.
Hypoglycemia can be treated by taking glucose tablets or other forms of sugar to return blood
glucose to a normal level,!46-148
Generally, blood glucose concentration is the major diagnostic criterion for diabetes.
Blood glucose monitoring, a valuable tool to manage diabetes, helps patients maintain a normal
blood glucose concentration to prevent further progression or complications.!*!°° Patients
check their blood glucose level regularly using a blood glucose monitor before or after a meal.
They are required to have insulin injections three or four times in a day because it takes two to
five hours for an injection to take effect.!>! Currently, glucose sensors are used to monitor blood
glucose. These sensors use an electrochemical platform, which offers superior sensitivity,
accuracy/precision, and low cost, 49150 152-133
The first glucose biosensor was proposed and developed in 1962 by Clark and Lyon, who
made an enzyme-based electrode to measure blood glucose.!** The glucose is oxidized by
glucose oxidase (GOx) and, in Clark and Lyon’s biosensor, GOx trapped between
semipermeable membranes over an oxygen electrode was used to monitor oxygen

consumption.'> Later, Updike and Hicks simplified and developed the electrochemical glucose

assay by immobilizing GOx.!¢ As can be seen schematically in figure 2.1, glucose is oxidized
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by GOx and hydrogen peroxide is oxidized on the platinum electrode, and consequently,

electrons are generated.

Glucose

Immobilized Glucose Oxidase Membrane

A\ J

Glucose Gluconic acid

FADH, FAD

Cellulous acetate Membrane

2e”

Figure 2.1 The glucose oxidation and generating electrons in membranes on the platinum
electrode.

When the GOx-modified electrode is exposed to biological fluids, glucose and oxygen
diffuse into the membrane containing GOx (figure 2.1). When a constant potential is applied,
the current will increase when gluconic acid is formed. These signals can be used to calculate
glucose concentration in biological fluids.!32-153
2.1.1.1 First Generation of Glucose Biosensors

Glucose measurements are based on interactions between glucose and certain enzymes.

Two common enzymes used for glucose sensing for self-monitoring blood glucose (SMBGQG)

are GOx and glucose-1-dehydrogenase.!* GOx is the most common enzyme for biosensors
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because of its high selectivity for glucose, its low cost and stability in various conditions.!'*
The function of GOx for glucose detection involves the following steps: In order to act as a
catalyst, GOx requires a redox cofactor, flavin adenine dinucleotide (FAD), which performs as
the initial electron acceptor and is reduced to FADH> (Reaction 1).

Glucose + GOx—FAD+ — Gluconic acid + GOx—FADH; Reaction 1
The cofactor FAD is regenerated by its reaction with oxygen and leads to the formation of
hydrogen peroxide. (Reaction 2).

GOx—FADH; + O; — GOx—-FAD + H,0; Reaction 2

Hydrogen peroxide is oxidized at the platinum electrode, which generates electrons.

(Reaction 3). The electrons result in an increased current, which is related to the rate of reaction

(v4) by equation 8, as follows.!"’

Hx02 — 2H" + Oz + 2¢
Reaction 3 Equation 8
i = nFAv,

where 1 represents the current, n represents the number of electrons transferred, A is the
electrode area, and F is the Faraday constant. The rate of reaction (v4) of the substrate (glucose)
to the surface has been found to be proportional to the surface area and the difference between
the initial and final substrate (glucose) concentration. This follows Michaelis-Menten kinetics,

which is a well-known enzyme kinetics equation. This can be explained using equation 9.'*8

va = K ([So] = [SD
where K is the mass transfer coefficient, [So] is the initial concentration of

Equation 9

the substrate (glucose), and [S] is the final concentration of the substrate

(glucose). The number of electrons transferred is automatically calculated using equation 8 and
from the rate of reaction (v4) of equation 9, so that the glucose biosensor provides a glucose

concentration in the blood. Therefore, the current increases as the electron transfers increase,

signaling that there is more glucose present in the blood . The reduction in the oxygen
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concentration is proportional to that of the glucose concentration. The glucose concentration is
quantified by measuring the increment of hydrogen peroxide.!>® A disadvantage of the first
generation of glucose biosensors was the interference of endogenous electroactive species, for
example, uric acid, ascorbic acid, and drugs. Those species react with oxygen, leading the
sensor to give a false measurement. Another disadvantage was an oxygen deficit, which was
the restricted oxygen solubility in biological fluids. Oxidase-based devices rely on oxygen as
an electron acceptor. Oxygen consumption in early glucose sensors monitored the oxidation of
glucose in the presence of oxygen. However, there is a limited amount of oxygen in biological
fluid and continuous oxygen consumption leads to oxygen deficits in those fluids. This leads
to errors resulting from the fluctuations in oxygen partial pressure. These errors change sensor
responsivity, 49153160
2.1.1.2 Second Generation of Glucose Biosensors

First-generation glucose biosensors have an oxygen dependence, and they undergo oxygen
deficits at low oxygen concentrations in biological fluid. This can be overcome by using redox
mediators, which are a major characteristic of a second-generation glucose biosensor. Redox

mediators carry electrons from the enzyme to the surface of the electrode. This redox mediator

carries electrons between the FAD and the electrode surface using the following reactions:

Glucose + GOx-FAD+ — Gluconic Acid + GOx-FADH; Reaction 4
GOx-FADH: + 2M(ox) — GOX-FAD + 2M (req) + 2H" Reaction 5
2Mred) — 2Mox) +2¢€ Reaction 6

where M(ox) and Mreq) are the oxidized and reduced forms of the mediator. The glucose in the
presence of GOx-FAD is oxidized to gluconic acid and GOx-FAD is reduced to GOx-FADH»
(Reaction 4). The GOx-FADH: can be oxidized back to GOx-FAD by reducing the redox
mediator (Reaction 5). The redox mediator is re-oxidized at the electrode to the oxidized

mediator (Reaction 6 and Fig 2.2). The current is measured by the electrons and is directly
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related to the amount of glucose, which is oxidized by the GOx-FAD enzyme reactions as

shown in Equation 8.!%

Glucose = ~\=Gluconic acid

GOXreq) GOx(ox)

\

\

Mox) M req)

|

o

Figure 2.2 Glucose Oxidase electrochemistry in second-generation glucose biosensors’
mediated system. Adapted from'>. Copyright 2001, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

In order to be used effectively, the mediator should react rapidly with the reduced enzyme
to minimize the reaction with oxygen. It should have a significant electrochemical property,
such as a low redox potential, and should be nontoxic and chemically stable in oxidized and
reduced forms. 415

A variety of mediators, such as ferrocene derivatives, ferricyanide, conducting organic
salts, quinines, tetrathailfulvalane (TTF), tetracyanoquinodimethane (TCNQ) and phenoxazine
compounds have been widely used to improve sensing performance.!>”1%1"163 Oxygen was a
physiological electron accepter in first-generation glucose biosensors. The use of electron-
carrying mediators eliminates the need for oxygen in electron transfer, and the measurements
overcome the oxygen deficit problem of first-generation biosensors. These mediators can be

carried out at lower potentials, which do not induce interfering reactions from coexisting

electroactive species (Reaction 6).!° In particular, ferrocene is a suitable mediator, which is

47



independent of oxygen and pH, and chemically stable and without oxygen reactivity in both
oxidized and reduced forms.!>>157
2.1.1.3 Third Generation of Glucose Biosensors
The use of mediators in glucose biosensors poses several problems. First, the mediators
compete with oxygen. Although the major reaction is between the meditator and GOX red),
there remains the possibility that the dissolved oxygen will compete to oxidize the GOX(red).
Second, the possibility exists that coexisting electroactive species such as uric acid and
ascorbic acid will react with oxygen. This might give false signal and inaccurate measurement.
Third, the mediator’s small size and highly diffusive properties lead to a leaching problem
from the intermediate region between the enzyme and electrode. This mediator leaching
problem alters the biosensor response.'®*'” In order to overcome these drawbacks, third-
generation glucose biosensors were developed. These biosensors are reagent-less and are
subsequently less toxic; they are based on direct electron transfer between enzymes. The direct
electron transfer is a result of the use of organic conducting salts, which are based on charge-

transfer complexes.!#%!%

The organic conducting salts, such as tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ), are known to mediate the electrochemistry of
pyrrole-quinolinequinone enzymes (GDH-PQQ) as well as of flavoproteins, i.e., GOx. TTF
functions as an electron donor and TCNQ functions as an electron acceptor. TTF-TCNQ has
a specific orientation on the electrode, allowing for a direct electron transfer system.!'4%164
Figure 2.3 shows three different generations of electrodes. The first-generation electrode was
oxygen-dependent; the second-generation electrode used a redox mediator, which is oxygen-

independent; and the third generation electrode used direct electron transfer between GOx and

the electrode.
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Figure 2.3 The three generation of glucose biosensors based on amperometric enzyme
electrodes. A) glucose based on the use of the oxygen cofactor. B) artificial redox mediator. C)
direct electron transfer between GOx and the electrode. Adapted from!®®. Copyright 2008, ACS
Publications.

2.1.2 Current Glucose-Sensing Technology

The third-generation glucose biosensor made it possible to develop devices capable of
home and personal use. Such devices are minimally invasive, disposable, inexpensive, accurate,
and easy to use. Current glucose monitoring devices have been developed to be smaller, and
provided faster and greater sensitivity.>>!%° The glucose monitoring system uses disposable
enzyme electrode test strips. These strips contain printed working electrodes coated with
reference electrodes, and with reagents such as enzymes, mediators, or stabilizers. The control
meter is typically light, pocket-sized, and battery operated. Figure 2.4 shows a schematic of the
commercial glucose biosensor strip. The working electrode is coated with the necessary
reagents (i.e., enzyme, mediator, linking and binding agents, and stabilizer,).®® However, there
1s a problem with this glucose strip: species such as ascorbic acid and uric acid in blood can be
oxidized at the same potential required to oxidize the mediator. Therefore, two working
electrodes are on the strip. The first working electrode is coated with GOx and a mediator. In
order to avoid an interference effect, the second working electrode has only mediator not GOx.

The measure of the difference glucose concentration current is between the current at the first
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working electrode and the current at the second working electrode. Both currents are measured

with respect to the reference electrode.!””

Figure 2.4 The single-use blood glucose meter strip. Adapted from '7°. Copyright 2008, ACS
Publications.

Commercial glucose biosensors use nanomaterials on a graphite electrode with GOx
adsorption. A nanomaterial-based sol-gel composite at the surface of the graphite electrode was
introduced to the glucose biosensor. With their unique electrical and optical properties, and
mechanical strength,!”! nanomaterial-based biosensors appear to be more promising than
previous gel- or membrane-based biosensors.!”? Figure 2.5 shows the graphite electrode-based
glucose sensor. A poly (glycidyl methacrylate-co-vinylferrocene) (poly (GMA-co-VFc)) film
coats the graphite electrode. This graphite electrode provides the amperometric current
response of poly (GMA-co-VFc)-GOx to glucose. This graphite electrode has a linear
relationship with the amperometric current and glucose, the range of which is between 1 and
16 mM.'” GOx immobilized on a nanomaterial-based glucose biosensor provides high

selectivity, glucose responsivity, and fast glucose detection in a matter of seconds.
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Figure 2.5 The illustration of glucose biosensing based on a graphite electrode. Adapted from
173 Copyright 2014, Elsevier Inc.

The first commercial glucose biosensor product was a pen-type device made by Medisense
Inc. in 1987, based on a second-generation glucose biosensor which relied on a ferrocene-
derivative mediator.'®*!7* To quickly obtain a reading of their glucose concentration, diabetes
patients take their blood by pricking one of their fingers and placing their blood on the sensor
strip.

The microgel-based glucose biosensor is a promising device: it is simple and can be re-
used, and in these ways it avoids some of the main drawbacks of glucose biosensor technology.
Microgels are easy to synthesize and inexpensive. We expect microgel-based glucose biosensor
to show great performance in glucose detection.

2.1.3 Glucose-Responsive Microgels

Glucose-sensitive pNIPAm-based microgels have been studied by several research
groups.’>!” In general, hydrogel composed of poly (methacrylic acid) and poly (ethylene
glycol) with immobilized GOx and phenylboronic acid derivatives-based polymers are
commonly used as glucose responsive polymers.'*” This is because hydrogels containing GOx

and polymers containing phenylboronic acid derivatives are able to interact with glucose: for
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instance, interactions between GOx and glucose, and diol and boronic acid. As mentioned in
Chapter 1, APBA is a phenylboronic acid derivative often used to detect glucose in pH
responsive polymers. APBA has a pK, of 8.2” and, in pNIPAm-based APBA microgels, it
shows swelling behavior by changing to a pH above pKa. At the pH 9.0 buffer, boronic acid
moieties on the APBA were hydroxylated, giving the boron atoms a negative charge. pNIPAm-
based APBA microgels become swollen once the pH is over the pK, of APBA (~ 8.2) 17176
and then diols in glucose start binding to the charged boron atoms (figure 2.6). Diols bind
favorably to boronic acid in a charged state.!”” The more that the glucose molecules bind to the
charged boronic acid groups, the more the boronic acid groups are converted into the charged
state to reach an equilibrium state. Furthermore, as more charged boron atoms are present, more

glucose molecules can bind to charged boron atoms, thus forming a signaling cascade.!”
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Figure 2.6 The mechanism of glucose binding to hydroxylated boronic acid at pH 9.5. Adapted
from®*. Copyright 2010, Springer.

In the presence of glucose molecules in a buffer solution, the binding of glucose molecules
to boronic acid is preferred. The glucose binding to boronic acid promotes hydroxylation of
boron atoms, so that more of the atoms become charged. Hence, Coulombic repulsion is
increased in the microgel network, resulting in APBA microgels swelling.®* According to
previous studies, when microgels showed a swelling response, this APBA microgels-based
etalon was observed as a red shift, as shown in equation 1 in Chapter 1.*® In other words, APBA

microgels between the two Au layers on QCM crystal became swollen and there was a change
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in distance between the two Au layers (figure 2.7).8”-!7® In this chapter, the APBA microgel’s

swelling behavior will be demonstrated by a resonant frequency shift.

Figure 2.7 The scheme of the glucose responsivity of a pNIPAm-co-APBA microgel-based
etalon at pH 9.0. Reprinted from®*. Copyright 2010, Springer.

2.2 Materials and Methods
Materials

N-isopropylacrylamide was obtained from TCI (Portland, Oregon) and purified by
recrystallization hexanes (ACS reagent grade, EMD, Gibbstown, NJ) for use in the study. N,N'-
methylenebisacrylamide (BIS; 99 %), ammonium persulfate (APS; 98+ %), a-D-glucose (ACS
reagent), and 3-(Acrylamido)phenylboronic acid (APBA, 98 %) were obtained from Sigma-
Aldrich (Oakville, Ontario, Milwaukee, WI, and St. Louis, MO). Sodium bicarbonate (NaHCO3)
and sodium carbonate (Na,COs3) were obtained from Caledon Laboratories Ltd. (Rockville,

Ontario). All deionized (DI) water was filtered to have a resistivity of 18.2 MQ cm and was
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obtained from a Milli-Q Plus system from Millipore (Billerica, MA). Anhydrous ethanol was
purchased from Commercial Alcohols (Brampton, Ontario).
Instrumentation
Microgel-coated QCM crystals as well as etalon-coated devices were analyzed using a

QCM-200 obtained from Stanford Research Systems (Sunnyvale, California). The crystal was
placed into a specially designed holder, which allowed for a buffer solution at a given pH and
temperature to constantly flow over the crystal at a rate of 0.062 mL s !. This flow was
controlled by a FMI lab pump model RP-G150 (Oyster Bay, New York). The temperature was
controlled by placing a beaker containing the buffer solution onto a Corning model PC-420D
hotplate (Lowell, Massachusetts), and the solution’s temperature was measured through a
thermocouple. In order to change the pH of the solution, aliquots of either 0.1 M NaOH or 0.1M
HCI were added to the water, and the buffer solution’s pH was measured with a Jenco model
6173 pH meter (San Diego, California).
Preparation of pH 9.5 buffer solution

A 5-mM pH 9 carbonate buffer was prepared by dissolving 0.76 g NaHCO3 and 0.11 g
NaxCOs3 in 2 L DI water in a volumetric flask. The pH of the resulting solution was pH 9.35,
and therefore a few drops of sodium hydroxide were added to make pH 9.5.%*
Dynamic light scattering measurement

Dynamic light scattering (DLS) measurement was performed using a Malvern Zetasizer
Nano S. The temperature was set to 25 °C and the dispersant was set to DI water. The refractive
index was set to 1.330 and the dielectric constant was 78.5. The DLS measurement was done
three times per sample. For DLS measurements, low volume disposable cuvettes were used.
PNIPAm-co-APBA Microgel synthesis

1. Large pNIPAm-co-APBA microgels
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In order to demonstrate the effect of resonant frequency changes by different amounts of
APBA in pNIPAm, two different pNIPAm-co-APBA microgels were synthesized: 10% and 15%
APBA. The pNIPAm-co-APBA microgels were synthesized using surfactant-free, free radical
precipitation as described previously with NIPAm (85 %), BIS (5 %) and ABPA (10 %), and
NIPAm (80 %), BIS (5 %) and ABPA (15 %).!'%!16 Briefly, 17.0 mmol (16.0 mmol for 15 %
APBA microgel) of NIPAm monomer and 1.0 mmol of N,N- methylenebisacrylamide (BIS) as
the crosslinker were added to a beaker with 100 mL of DI water. The solution was stirred by a
magnetic stirrer for about 30 min. After dissolving completely, the solution was filtered by a
syringe through a 0.2 um syringe filter into a 250 mL 3-necked round-bottom flask. The beaker
was rinsed with an additional 15 mL of DI water, which was also filtered by syringe and added
to the round-bottom flask. The gas inlet (needle), a reflux condenser, and a temperature probe
were set up onto the round=bottom flask. To maintain the O level, N> gas was continuously
purged through the solution while being heated to 45 °C for 1.5 hour and the solution was
stirred at 450 RPM. Immediately prior to initiation, 2.0 mmol (3.0 mmol for 15 % APBA) of
APBA were added to the solution with 5 mL of 0.078 M ammonium persulfate (APS) solution.
The temperature of the solution was then increased to 65 °C at a rate of 30 °C/h immediately
following initiation and was allowed to react for four hours. After the reaction, the solution was
allowed to cool down and was filtered through glass wool to get rid of large aggregate particles.
The filtrate was diluted to 100 mL with DI water and 35 mL aliquots were transferred to

centrifuge tubes, and centrifuged at ~ 8500 relative centrifugal force (rcf) for 1h at 23 °C. The

microgels precipitated at the bottom of the centrifuge tube, and the supernatant solution was
successively removed, and replaced with fresh DI water. Overall, the supernatant solution was
centrifuged six times to remove leftover monomer and polymer chains from the microgel
mixture. After that, pure, concentrated, and very viscous microgel paste was formed and was

dried using a lyophilizer (Kansas City, Missouri). The mass of microgels was (32.1 mg) and
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10ml DI water was added to make a 3.21 mg/dL concentration of microgel solution. This
solution was used to coat the QCM crystal. Microgels in a pH 9.3 buffer solution had a diameter
of 1727.5 nm (£19.6 nm). The microgel diameter measurement was performed by dynamic
light scattering.
2. Medium pNIPAm-co-APBA microgels

The microgels were synthesized following the procedure used in a previous study ''3. A 3-
neck flask was fitted with a reflux condenser, nitrogen inlet, and temperature probe, and
charged with a solution of NIPAm (11.9 mmol) and BIS (0.703 mmol) in 99 mL DI water,
previously filtered through a 0.2 pm filter. The solution was N»>-gas purged and allowed to heat
to 70 °C over ~1.5 hour. Immediately prior to initiation, APBA (1.43 mmol) was added to the
heated reaction mixture in one aliquot with APS (0.2 mmol) in 1 mL of DI water. The reaction
was allowed to proceed at 70 °C for four hours under nitrogen gas. The resulting suspension
was allowed to cool overnight, and then it was filtered through a Whatman #1 paper filter to
remove any large aggregates. The microgel solution was then distributed into centrifuge tubes
and purified via centrifugation at ~8300 rcf to form a pellet, followed by removal of the
supernatant and resuspension with DI water. Overall, supernatant solution was centrifuged six
times to remove left over monomer and polymer chains from the microgel mixture. After that
pure, microgel paste was obtained. The microgel diameter measurement was performed by
dynamic light scattering. Microgels in a pH 9.3 buffer solution had a diameter of 524 nm (£8
nm). The microgel diameter measurement was performed by dynamic light scattering.
3. Small pNIPAm-co-APBA microgels

The microgels were synthesized following a previously published protocol.!'* A 3-neck
flask was fitted with a reflux condenser, nitrogen inlet, and temperature probe, and charged
with a solution of NIPAm (11.1 mmol), BIS (0.652 mmol), and sodium dodecyl sulfate (SDS,

0.2 mmol) in 190 mL DI water, previously filtered through a 0.2 um filter. The solution was
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purged with N> and allowed to heat to 70 °C over ~1 hour. Immediately prior to initiation,
APBA (1.30 mmol) was added to the heated reaction mixture in one aliquot with APS (0.3
mmol) in 10 mL of DI water. The reaction was allowed to proceed at 70 °C for four hours under
a blanket of nitrogen. The resulting suspension was allowed to cool overnight, and then it was
filtered through a Whatman #1 paper filter to remove any large aggregates. Approximately half
of the microgel solution was then distributed into rehydrated dialysis tubing (12-14k nominal
MWCO, 25 mm flat width, Fisherbrand Regenerated Cellulose, Nepan, ON) for purification.
The tubes were placed into two 2 L beakers with D water and a stir bar for two weeks and the
water was replaced twice daily. The cleaned microgels were semi-transparent. They were
recombined and stored in a brown glass jar. The microgel diameter measurement was
performed by dynamic light scattering. Microgels in pH 9.3 buffer solution had a diameter of
225 nm (4 nm). The microgel diameter measurement was performed by dynamic light
scattering.
Optical Microscopy

Four different microgel solutions were prepared; 1) 10 uL. DI water: 150 pL microgel
solution, i1) 10 uLL water: 155 uL microgel solution, ii1) 10 pL water: 160 uL microgel solution,
iii1) 10 pL water: 165 pL microgel solution. Each microgel solution was painted on the cover
glass. Microscopic images of the films were taken using an Olympus IX71 inverted microscope
(Markham, Ontario) fitted with a 100 oil-immersion objective, and a 10 eyepiece, differential
interference contrast (DIC) optics, and an Andor Technology iXon camera (Belfast, Ireland).
A 100 x magnification booster was used where specified. Andor SOLIS v4.15.3000.0 software
was used to record microscope images of the microgel films. An image of an Edmunds
Industrial Optics (Barrington, NJ) PYSER-SGI scale grating (100 pum x 2 pm) was used to
determine the scale bars.

Atomic Force Microscopy
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In-liquid height analysis for a pNIPAm-co-APBA microgel etalon in 5 mM carbonate
buffer pH 9.5 and 0.199 g/dL glucose in pH 9.5 buffer solution was performed using APBA-
functionalized and APBA-exposed control samples. Images were acquired using an Asylum
Research MFP 3D AFM (Santa Barbara, CA) over a 5X5-um area using a scan rate of 0.498
Hz, using 512 scan points and lines. The tips were Olympus TRE00PSA with a resonant
frequency of 24 kHz. An image was taken by using a sessile drop method first in the pH 9.5
glucose solution at ~24 °C, taken after 15min and 30min, which is the moment that what?
reached the equilibrium state. For this analysis, a line was scratched into the sample using a
new razor blade and the scratch was imaged. The height was determined using the software by
taking 100-line blocks and measuring the height on a line trace. Four 100-line blocks were
measured and averaged to get the average height and standard deviation of each image.

The effect on glucose responsivity of the amount of APBA in pNIPAm-co-APBA microgels

Both pNIPAm-co-APBA containing 10 % and 15 % APBA microgels were prepared. The
microgel synthesis was introduced above. After the pNIPAm-co-APBA microgel was painted
on the gold electrode of QCM crystal and etalon fabrication was performed, the crystal was
placed into the QCM holder. Then 100 mL of buffer solution was transferred into five different
beakers using a glass pipette, and 0.06 g, 0.1 g, 0.2 g, 0.4 g, and 0.6 g of a-D glucose were
transferred, respectively, to the each buffer solution beaker, and stirred for 10 min until they
each dissolved completely. Each glucose buffer solution in a 100 mL beaker at 25 °C was
injected into the QCM holder via an inlet tube. An outlet tube of the holder was connected to
the same beaker to reuse the solution. This experiment was conducted with two different
microgels (10 % and 15 % pNIPAm-co-APBA microgels). The glucose buffer solution was
added in the following order: 0.06 g, 0.1 g, 0.2 g, 0.4 g, and 0.6 g/dL.

The effect on glucose responsivity of pNIPAm-co-APBA microgel particle size
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The following experiment was completed to investigate whether the microgel’s diameter
affected its response to glucose. The pNIPAm-co-APBA microgel was painted on the gold
electrode of QCM crystal and after the etalon fabrication was conducted, the crystal was placed
into the QCM holder. The buffer solution was transferred by 100 mL glass pipette, and 0.6 g
of a-D glucose was transferred to the buffer solution and stirred for 10 min until it dissolved
completely. This glucose buffer solution in a 100 mL beaker at 25 °C was injected into the
QCM holder via an inlet tube. An outlet tube of the holder was connected to the same beaker
to reuse the solution. Each diameter of pNIPAm-co-APBA microgels shows its glucose
responsivity by a resonant frequency shift. This performance was separately conducted using
pNIPAm-co-APBA microgels with different diameters: large, medium and small.

Ultraviolet Visible Spectroscopy

Ultraviolet visible spectroscopy was conducted to demonstrate that the absorbance peak
difference of APBA microgels depends on different glucose concentrations. Each glucose
concentration (0.05 g, 0.1 g, 0.11 g, 0.125 g, 0.126 g, 0.14 g, 0.155 g,0.175 g,0.199 g, 0.2 g,
0.3 g, 04 g 0.5 g glucose/100 mL of pH 9.5 buffer solution) was measured with a UV/VIS
reflectance probe from Ocean Optics (Dunedin, Florida). Each glucose solution was taken and
transferred to a cuvette and DI water. DI water in the cuvette was measured as a blank. After
that, each glucose solution was added to a cuvette. A spectrum was recorded using Ocean

Optics Spectra Suite Spectroscopy Software (Dunedin, Florida).
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Formation of etalons on QCM crystals

Etalons were fabricated as described in previous studies,®”!1¢ 110178 with

some slight
modifications, as detailed here. The Au electrodes of the QCM quartz crystal were rinsed with
copious amounts of anhydrous ethanol and dried with N> gas. A microgel solution was pipetted

only on the “large circle” Au active electrode on the QCM crystal and allowed to dry for 30

min at 35 °C.  Figure 2.8 shows the pNIPAm-co-APBA microgels on the QCM crystal.

I Active electrode (reaction substrate) |
1 (Front side of QCM crystal) 1

} Contact Electrode :
| Counter Electrode 1
' (Back side of QCM crystal) :

Figure 2.8 Scheme of pNIPAm-co-ABPA microgel on QCM crystal

Following drying, the microgels that had indirectly bound to the Au electrode were rinsed
off with DI water, and the QCM crystal was immersed in DI water overnight at 35 °C. After
soaking, the crystal was further rinsed with DI water and dried with N> gas. A monolayer
microgel was adhered to the QCM crystal, such that only the Au electrode, which was coated
with microgels, was exposed. The QCM crystal was then inserted into a Torr International Inc.
(New Windsor, NY) thermal evaporation system model THEUPG. Two nm of Cr and 15 nm

of Au were deposited only onto the Au-bound microgel layer at a rate of ~0.2 As™' and ~0.1

As™!, for Cr and Au, respectively. After this overlayer was applied, the crystal was removed
from the vacuum chamber and immersed in DI water overnight at 35 °C.
2.3 Results and discussion

Optical Microscopy

60



We hypothesize that the single monolayer microgel gives accurate glucose responsivity by
resonant frequency shift in QCM. In previous studies, the microgel painting protocol
significantly enhanced homogeneity of the response in etalons.?®!” The surface roughness of
QCM crystal may affect the resonant frequency.'% Therefore, it is necessary to find the ratio
of DI water to viscous APBA microgels solution, which can make the single and homogeneous
microgel layer on the QCM crystal provide a more accurate resonant frequency shift. Each of
the four different microgel solutions is painted on the gold electrode on the QCM crystal. Figure

2.9 shows the microscope image.

S
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Figure 2.9 The micrscopic image of pNIAm-co-APA microgels on the glass substrate. The
microgel solutions were prepared in four different ratio: A) 10 uL: 150 uL. B) 10 puL: 155 pL.
C) 10 pL: 160 pL. D) 10 pL: 165 pL ratio of DI water to APBA microgel solution.
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However, we cannot see any differences in any of the cases. Each painting protocol shows
a similar homogeneous layer. In this thesis, the microgel coating procedure is followed by a 10
puL: 160 pL ratio microgel solution as a coating protocol.
Atomic Force Microscopy

The pNIPAm-co-APBA microgels show their glucose responsivity by their swelling
behavior. AFM imaging recorded the height of the APBA microgel layer. The height of the
layer was measured after the glucose buffer solution was added after 0, 15, and 30 min. The

result is shown in figure. 2.10.
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Figure 2.10 The AFM image of a APBA microgel layer after glucose solution addition A) Omin,
B) 15 min, and C) 30 min. For each image, a yellow rectangle in image was measured for height

analysis and averaged to obtain a standard deviation. All images are 20 um X 20 um.

We obtained an AFM image 0, 15, and 30 min after glucose was added and chose the
yellow rectangular section in Figure 2.10 to measure the height difference between the microgel
layer and the scratched region (see the black area on the right side of each image). The height
analysis of the microgel layer in the etalon shows that the thickness of the microgel layer
increased after the glucose solution was added. The glucose molecules bound to the pNIPAm-
co-APBA microgels and the microgels swelled. Consequently, the distance of the microgel
layer between the two Au layers in the etalon increased due to swelling. After 0.199 g/dL of a
glucose buffer solution was added, the microgel particles started to swell. Each microgel
particle’s size increased in 0, 15 and 30 min, according to height measurements. The results

can be seen in figures 2.11-2.13.
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Figure 2.11 The height of the pNIPAm-co-APBA microgel layer on the QCM crystal before

glucose was added. The height was 900 nm (£40 nm). The two blue points correspond to figure
2.10 A) two blue points.
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Figure 2.12 The height of the pNIPAm-co-APBA microgel layer on the QCM crystal 15 min

after glucose was added. The height was 980 nm (100 nm). The two blue points correspond
to figure 2.10 B) blue points.
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Figure 2.13 The height of the pNIPAm-co-APBA microgel layer on the QCM crystal after 30
min glucose addition. The height was 1100 nm (£150 nm). The two blue points correspond to
figure 2.10 C) two blue points.

The pNIPAm-co-APBA microgel etalon exhibited a total change in (+) 200 nm. The initial
height of the APBA etalon in pH 9.5 buffer solutions was 900 nm (+40 nm) but after 15 min
and 30 min, it was 980 nm (£100 nm) and 1100 nm (%150 nm) respectively.

When the pNIPAm-co-APBA microgel was exposed to glucose, the glucose molecules
bound to the charged boronic acid groups. This binding effect caused the microgel swelling
and the microgel layer increased. The 0.199 g/dL glucose solution increases the microgel
layer’s thickness by 200 nm. Next, we look at how UV-VIS can be used to show how different
glucose concentrations affect pNIPAm-co-APBA-based etalon microgels’ glucose responsivity.

Ultraviolet-Visible Spectroscopy (UV-VIS)

We investigated the microgel’s glucose responsivity to different glucose concentrations
using UV-VIS. As the incident light passed through the microgel’s solution in a cuvette, Mie
scattering occurred in the microgel. Mie scattering is described as the scattering intensity
functions for spherical particles with radii similar to or larger than the scattering wavelength.

Mie scattering depends on the size of particles. Larger diameter particles show stronger
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scattering if they have the same refractive index.'®® However, small particles with a high
refractive index show stronger scattering than large particles with a low refractive index and
vice versa. In general, increases in the refractive index induced by the collapsed pNIPAm will
lead to an increase in the scattering/absorbance.!”’ In keeping with this phenomenon, as the
microgels in the water start to swell, they become capable of absorbing water in the cuvette.
One explanation for this is that as more glucose bound to the microgels, the absorbance became
close to that of DI water, which means that the microgels’ refractive index was close to the DI
water’s refractive index. Also, this can be explained by Mie scattering: the larger diameter
pNIPAm with a low refractive index has weak Mie scattering and transmittance increases, so

absorbance decreases. Figure 2.14 shows the UV-VIS spectra.

—— Dl water

—— DI water + microgel
—— pH 9.5 buffer solution
—— 0.1 g/dL addition
—— 0.125 g/dL addition
—— 0.14 g/dL addition
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Figure 2.14 UV-VIS absorption spectra of pH 9.5 buffer solutions containing pNIPAm-co-
APBA microgels before and after the addition of the indicated amount of glucose.

DI water absorbance was a blank and pNIPAm-co-APBA microgels in DI water are at the
top of the spectrum (shown as red line in Figure 2.12). Hypothetically, the highest concentration

of glucose buffer solution makes the largest pNIPAm-co-APBA microgel particles and

65



provides the lowest absorbance. However, we find a decrease in absorbance ranging from the
microgel in DI water to the microgel with 0.14 g/dL of added glucose. After that point, the
absorbance values were all the same in the rest of the glucose concentrations. In order to

investigate more specifically, the variation of the absorbance at 300nm is shown in figure. 2.15.
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pNIPAm-co-APBA microgel in different solution

Figure 2.15 The variation of the absorbance at 300nm as a function of glucose addition.

This figure illustrates that the response showed a decreasing absorbance in the range of
until 0.125 g/dL glucose buffer solution. After a 0.125 g/dL point, the QCM device did not
show glucose sensitivity up to a 0.199 g/dL glucose concentration.

The Amount of APBA in pNIPAm Microgels Affects Resonance Frequency

We also investigated the way in which the amount of APBA in the microgels influenced
the microgels’ response to glucose addition. The more boronic acid groups in pNIPAm-co-
APBA microgels, the better the glucose responsivity. Eventually, the sensitivity of glucose

detection will be enhanced. The amount of APBA in pNIPAm microgels that affects resonance
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frequency is performed by both pNIPAm-co- (10 % and 15 %) APBA microgels. Figure 2.16
shows the data.
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Glucose Addition

Figure 2.16 The resonant frequency shift of pNIPAm containing 10 % and 15 % APBA with
different amounts of glucose added

We believe that more APBA in pNIPAm microgels show high resonant frequency shifts
because microgels have more binding sites for glucose. The pNIPAm-co-(15 %) APBA
microgels were expected to show a higher resonant frequency shift in all concentrations.
However, in the entire range, there was no significant resonant frequency shift difference
between 10 % and 15 % pNIPAm-co-APBA microgels. Furthermore, the error in both
microgels was significant. Each glucose addition was conducted consecutively. Then the
microgel was saturated at certain points. It was challenging to paint the microgel on the QCM
crystal, as 15 % of APBA microgels dry fast and easily break the microgel layer. Because of
painted microgel layer’s stability, the conventional pNIPAm-co- (10 %) APBA microgel will

be used in following sections and in Chapter 3. Also, in order to avoid obtaining high errors, it
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is necessary to add strong acid to remove glucose molecules in the microgel network after each
glucose concentration was added. As shown in figure 2.6, the charged boron atom is formed
once the pH is over the pKa, of boronic acid. Therefore, the pH is much lower than the pK, of
boronic acid, the reverse reaction occurs, and glucose molecules are removed from the microgel
network.
Microgel Diameter Size Affects Glucose Responsiveness

We investigated how the diameter of pNIPAm-co-APBA microgels influences their
response to glucose addition. We assumed that the large particle microgel has a higher binding
affinity between boronic acid groups and glucose molecules. It is expected that the largest
particle pNIPAm-co-APBA microgels will give the highest resonant frequency shift. In contrast,
the smallest particle will give lowest resonant frequency shift. Three different pNIPAm-co-
APBA microgel particle sizes, in relation to their resonant frequency shift, are investigated
under the same concentration of glucose buffer solution. Table 2.1 shows the results.

Table 2.1 The resonant frequency shift in different diameter pNIPAm-co-APBA microgels
after 0.6 g/dL of glucose buffer solution (pH 9.5).

Particle Large Medium Small
1728 nm 524 nm 225 nm
Size of Microgel
(£19 nm) (£8 nm) (4 nm)
Resonant frequency shift (Hz) 182.15 -3.65 -69.97

The microgel diameter determines how many glucose molecules can bind to boronic acid
groups in APBA microgels. With this logic, medium- and small-sized microgels have a smaller
amount of glucose molecules attached to them compared to large-sized microgels. Large-
diameter APBA microgels showed a positive resonant frequency shift value after glucose
addition. However, medium- and small-diameter APBA microgels showed a negative resonant

frequency shift value. After glucose bound to a microgel, the medium and small particles were
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saturated faster compared to the large particles. The faster saturation led to an increase in the
viscosity of the microgels, a decrease in frequency and a negative resonant frequency shift
value. This led us to conclude that the large-diameter APBA microgels are excellent candidates
for glucose detection.
2.4 Conclusions

Generally pNIPAm-co-APBA microgels are used for many glucose detection applications
because boronic acid groups have glucose-binding properties.>>!”® Theoretically, we found that
higher glucose concentration causes the pNIPAm-co-APBA to swell more. AFM measured the
height of the microgel layer on the QCM crystal. We found that different glucose concentrations
affected microgels’ glucose sensitivity. To investigate the microgel’s glucose sensitivity, we
used UV/VIS spectrums, increasing the concentration of the glucose buffer solution in specific
concentrations, ranging from 0.1 g/dL to 0.125 g/dL. Furthermore, between 10% and 15%
APBA in a pNIPAm microgel did not show a significant difference in resonant frequency shifts.
Since pNIPAm-co- (15 %) APBA microgel has stability issues when the coating is applied onto
the QCM crystal, pNIPAm-co- (10 %) APBA microgels is more suitable for experiments. The
diameter of the microgel affects the resonant frequency shift. Only large particle microgels
show a positive resonant frequency shift. Medium and small particle microgels show negative
resonant frequency shifts. In conclusion, our microgel-modified QCM device has been tailored
to use large pNIPAm-co- (10 %) APBA microgels, because large particles are suitable for

glucose detection.
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CHAPTER 33 MICROGEL MODIFIED QUARTZ CRYSTAL
MICROBALANCES AS A GLUCOSE SENSOR

3.1 Introduction

In this chapter, we will discuss the performance of quartz crystal microbalances (QCM)
that are modified with poly (N-isopropylacrylamide)-co-3-acrylamidophenylboronic acid

(pNIPAm-co-APBA) microgels to detect glucose. In Chapter 2, we showed how the microgel

layers respond to glucose, which was revealed using atomic force microscopy (AFM) and
ultraviolet-visible spectroscopy (UV/VIS). This characterization helped us to obtain the
accurate resonant frequency shift when the pNIPAm-co-APBA microgels detected glucose
molecules. Also in Chapter 2, we showed that glucose responsivity is affected by the amount
of APBA in a microgel, and the microgel’s diameter. We found that large particles of pNIPAm-
co-(10 %) APBA microgel enable the QCM to respond to glucose. In this chapter, we will
discuss, in detail, the investigation of the performance of pNIPAm-co-APBA microgels’
glucose selectivity and reproducible glucose detection.

We investigated the selectivity of glucose-sensing devices using sugars similar to glucose,
but which contain diols. We then determined that the QCM-based devices can be reused
multiple times to analyze the amount of glucose in a sample. Figure 2.6 in Chapter 2 shows the
mechanism of glucose binding to boronic acid, a bond that is very strong at a high pH. That is,
the binding of the glucose to APBA is favored when the pH is above the pK. of boronic acid
(8.2).”* In this chapter, we introduce a method for reversing the reaction by exposing the
microgel layers to a low pH solution. We hypothesize that this will allow the glucose to be
removed from the APBA. Since the glucose/APBA binding mechanism is strongly favored at
high pH, it is necessary to expose the microgels to strong acid for 1.5 h to remove the glucose

molecules in the microgel.
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As I pointed out in previous chapters, pNIPAm-based microgels have many advantages
including low cost, and they can be easily used to fabricate sensor devices (i.e., etalons). By
fabricating etalons on QCM devices, it is possible to generate novel glucose sensors that have

an enhanced response to glucose.

3.2 Materials and Methods

Materials

N-isopropylacrylamide was obtained from TCI (Portland, OR) and purified using
recrystallization hexanes (ACS reagent grade, EMD, Gibbstown, NJ). N,N'-
methylenebisacrylamide (BIS; 99 %), ammonium persulfate (APS; 98+ %), a-D-glucose (ACS
reagent), 3-(Acrylamido)phenylboronic acid (APBA, 98 %), sodium chloride, and sodium
hydroxide were obtained from Sigma-Aldrich (Oakville, Ontario; Milwaukee, WI; and St.
Louis, MO). Sodium bicarbonate (NaHCO3) and sodium carbonate (Na,CO3) were obtained
from Caledon Laboratories Ltd. (Rockville, Ontario). All deionized water was filtered to have
a resistivity of 18.2 MQ cm and was obtained from a Milli-Q Plus system from Millipore
(Billerica, MA). Anhydrous ethanol was purchased from Commercial Alcohols (Brampton,
Ontario).
Instrumentation

Microgel-coated QCM crystals as well as the etalon-coated devices were analyzed using
a QCM-200 obtained from Stanford Research Systems (Sunnyvale, California). The crystal
was placed into a specially designed holder, which allowed for a buffer solution of a given pH
and temperature for constant flow over the crystal at a rate of 0.062 mL s™!. The flow was
controlled by a FMI lab pump model RP-G150 (Oyster Bay, New York). The temperature was
controlled by placing a beaker containing a buffer solution onto a Corning model PC-420D

hotplate (Lowell, Massachusetts), ad measured through a thermocouple that was placed in an
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outlet tube. The buffer solution pH was measured with a Jenco model 6173 pH meter (San
Diego, California).
Preparation of pH 9.5 buffer solution

A 5-mM pH 9 carbonate buffer was prepared by dissolving 0.76 g NaHCO3 and 0.11 g
NaxCOs3 in 2 L of deionized H>O in a volumetric flask. The pH of the resulting solution was
9.35, and so a few drops of sodium hydroxide were added to make a pH of 9.5.°* The ionic
strength of this buffer solution was 0.06 mM.
PNIPAm-co-APBA microgels synthesis

The pNIPAm-co-APBA microgels were synthesized using surfactant-free, free radical
precipitation with NIPAm (85 %), BIS (5 %), and ABPA (10 %) as described in Chapter 2.110-116
Briefly, 17.0 mmol of NIPAm monomer and 1.0 mmol of N,N- methylenebisacrylamide (BIS)
as the crosslinker were added to a beaker with 100 mL of deionized water. The solution was
stirred by a magnetic stirrer for about 30 min. After the reactants completely dissolved, the
solution was filtered by a syringe through a 0.2 um syringe filter into a 250 mL three-necked
round bottom flask. The beaker was rinsed with an additional 15 mL of deionized water, which
was also filtered by a syringe and added to the round-bottom flask. The gas inlet (needle), a
reflux condenser, and a temperature probe were set up onto the round-bottom flask. In order to
maintain an environment with a low O, concentration, N> gas was purged into the reaction
solution while the solution was heated to 45 °C for 1.5 hour and stirred at 450 RPM.
Immediately prior to initiation, 2.0 mmol of APBA were added to the solution with 5 mL of
0.078 M ammonium persulfate (APS, initiator) solution. The temperature of solution was then
increased to 65 °C at a rate of 30 °C/h immediately following initiation, and the solution was
allowed to react for four hours. After the reaction, the solution was allowed to cool down and
was filtered through glass wool to remove large aggregate particles from the solution. The

filtrate was diluted to 100 mL with deionized water and 35 mL of aliquots were transferred to
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centrifuge tubes, and centrifuged at around 8500 relative centrifugal force for 1 h at 23 °C.

The microgels were forced to the bottom of the centrifuge tube, and the supernatant solution
was removed, and replaced with fresh DI water. Overall, the supernatant solution was
centrifuged six times to remove leftover monomer and polymer chains from the microgel
mixture. After the purification, the microgels were centrifuged once again, the supernatant was
removed, leaving behind highly concentrated microgels at the bottom of the tube.

Etalon Fabrication

Etalons were fabricated as indicated in Chapter 2. The Au electrodes of the QCM were
rinsed with a copious amount of anhydrous ethanol and dried with N> gas. A microgel solution
(10 puL water:160 pL viscous microgel solution) was spread over the QCMs “large Au active
electrode" using a pipette. The solution was allowed to dry for 30 min at 35 °C. After drying,
the microgels that indirectly bound to the Au electrode were rinsed off with DI water, and the
QCM crystal was immersed in DI water overnight at 35 °C. Following soaking, the crystal was
further rinsed with DI water and dried with N> gas, which yielded a single microgel layer on
the Au electrode. To generate the etalon, the QCM crystal was inserted into a Torr International
Inc. (New Windsor, NY) thermal evaporation system model THEUPG. Two nm of Cr and 15

nm of Au were deposited only onto the Au=bound microgel layer at a rate of ~0.2 As™! and
~0.1 As™!, respectively. After application of this overlayer, the crystal was subsequently

removed from the vacuum chamber and immersed in DI water overnight at 35 °C.
Selectivity Performance

Sucrose and galactose were used as interfering species to determine the selectivity of the
devices for glucose. After pNIPAm-co-APBA microgels were painted on the QCM’s gold
electrode and the etalons completely fabricated, the crystal was placed into the QCM holder.
One-hundred mL of buffer solution was transferred into four different beakers using a 100 mL

glass pipette. Then, 0.11 g, 0.14 g, 0.175 g, and 0.199 g of a-D glucose were added to the each
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beaker, respectively, and stirred for 10 min until dissolving completely. Each glucose buffer
solution in a 100 mL beaker at 25 °C was introduced into the QCM holder via an inlet tube. An
outlet tube of the holder was connected to the same beaker to recirculate the solution. The order
of adding the glucose buffer solution was 0.11 g, 0.14 g, 0.175 g, and 0.199 g. The entire
procedure described above was applied and repeated for sucrose and galactose.

During the selectivity performance, the QCM crystal was placed into the QCM holder. We
did not take it out to rinse it or for the next addition. The entire protocol was consecutive. We
could determine that the QCM device was completely rinsed and ready for the next addition
after adding 0.1 M HCI solution and the pH 9.5 buffer solution, and when the resonant
frequency (f) reached a frequency similar to what it had been initially (f).
Reproducibility Performance

The regeneration performance was investigated using the following protocol. The
pNIPAm-co-APBA microgels were painted on the QCM’s gold electrode to perfectly fabricate
etalons, and the crystal was placed into the QCM holder. Glucose buffer solutions with different
concentrations were prepared. One hundred mL of buffer solution were transferred into seven
beakers using a glass pipette. Each 0f 0.05 g,0.11 g,0.125¢g,0 14 g,0.155 g,0.175 gand 0.199
g of a-D glucose was added to each beaker, and stirred for 10 min until dissolving completely.
Each glucose buffer solution in a 100 mL beaker at 25 °C was introduced into the QCM holder
via an inlet tube. An outlet tube of the holder was connected to the same beaker to recirculate
the solution. The initial resonant frequency was measured from the buffer solution without
glucose. After the initial resonant frequency was measured, a 0.05 g/dL glucose buffer solution
was added and we waited until the resonant frequency reached a plateau. After the plateau was
reached, for 1.5 h, 0.1 an M HClI solution (pH 3.0) was added to remove the glucose molecules
and then 200 mL of the buffer solution (pH 9.5) were added again to make the initial resonant

frequency. Once the resonant frequency reached a magnitude similar to that of the initial
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frequency, a 0.05 g/dL buffer solution was added. This addition was repeated until the resonant

frequency shift stabilized. The entire procedure was repeated for 0.11g/dL, 0.125 g/dL, 0.14

g/dL, 0.155 g/dL, 0.175 g/dL, and 0.199 g/dL glucose buffer solution, respectively. A new

pNIPAm-co-APBA microgel based etalon crystal was used for each concentration.
This reproducibility protocol was as follows:

1)  pH 9.5 buffer solution was introduced to the microgels and resonant frequency (fi) was
stabilized.

i1) First addition of each concentration of glucose buffer solution was introduced to the
microgels.

ii1) Resonant frequency shift occurred and eventually stabilized.

iv) 0.1 M HCI was introduced to the microgels to remove glucose molecules.

v) pH 9.5 buffer solution was introduced to the microgels to make initial resonant frequency
(f1).

vi) The next addition of each concentration of glucose buffer solution was introduced to the
microgels and steps ii1 to vi were repeated until the resonant frequency shift (AHz)

stabilized.
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3.3 Results and Discussion

A functioning microgel-based glucose sensor requires three features: 1) the microgels
must show glucose responsivity; 2) they must have glucose selectivity; and 3) they must be
regenerative. The Serpe group was able to demonstrate the glucose responsivity of pNIPAm-
co-APBA microgels both visually and spectrally.”® In the spectral sense, the etalon’s reflectance
peaks show a red shift, and the hydrodynamic diameter increases in response to glucose
addition®?. This leads to a visible color change from green to red.”* In Chapter 2, the pNIPAm-
co-APBA microgels-modified QCM showed glucose responsivity by increasing resonant
frequency. In this chapter, we investigate two different features of microgels: glucose
selectivity, and the reproducibility of glucose detection in our microgel-based device. These
features enable pNIPAm-co-APBA microgels to be used as glucose sensors.

3.3.1 Selectivity Performance

As detailed in Chapter 2, human blood contains not only glucose but other components,
such as oxygen, uric acid, and ascorbic acid.'®' The glucose sensor should target glucose. To
provide a more accurate diabetes diagnosis, it should have minimal interference with other
components. There are several reasons to investigate glucose selectivity. One reason is to
determine whether other sugars that have structures similar to glucose’s (e.g., they contain diols
such as galactose and fructose (Fig 3.1)), are capable of binding to the APBA microgels. By
comparing the resonant frequency shifts of the three sugars, we can determine which sugar
binds most strongly to the APBA-modified microgels.

The boronic acid-sugar interaction was first discovered in 1874 and demonstrated
mechanistically in the 1940s as a reversible covalent interaction between the charged

phenylboronic acid groups and cis-diol groups on polyols,!82-185
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Figure 3.1 The Molecular Structure of A) a —D Glucose, B) Galactose, and C) Sucrose.
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Figure 3.2 Equilibria between the favorable form (left) and the form that contains a syn-
periplanar anomeric hydroxyl pair (right) of D-fructose A), D-glucose B) and D-galactose C).
Highlighting in red indicates the potential boronic acid-binding sites. Positions for hydroxyl
groups are numbered in B-D-fructofuranose and a-D-glucofuranose. Reprinted from %
Copyright © 2013. Published by The Royal Society of Chemistry.
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The binding affinity of phenylboronic acids with monosaccharides were observed in the
following order: fructose > galactose > mannose > glucose.!®> The Wu et al. showed that
carbohydrates exist in two forms in water: dominant and less dominant. The less dominant form
contains syn-periplanar hydroxyl groups. The more syn-periplanar forms that a sugar has, the
better its binding affinity with boronic acid. Fructose had the highest syn-periplanar form in
D10 (25 %), galactose was 2.5 %, and glucose was 0.14 % (figure 3.2).!*°> The monosaccharide-
based sensors performed poorly because carbohydrates lack the syn-periplanar form in D>O.
Although the lack of the syn-periplanar sugar form is a drawback of monosaccharide-based
sensors, a multivalent ligand system provides a compensatory mechanism. B-O-C bonds are
monovalent, but the interaction between a single boronic acid and diol is divalent because there
are two B-O-C bonds between boronic acid and the diol. Generally, a single boronic acid has
two or three B-O-C bonds as a valence. The fructose isomer, B-D-fructofuranose, uses a boronic
acid binding as a monovalent ligand, while a-D-glucofuranose is a divalent ligand able to bind
two boronic acid species at the 1,2 and 3,5,6 positions (Fig 3.2 B).!3> Although two boronic
acid moieties can generally bind to fructose in fructose’s B-pyranose form, this bond was
observed only with excess fructose or at a high concentration of boronic acid.'3® Unfortunately,
this condition is not compatible with glucose biosensor use. The difference in the number of
valences for glucose and fructose has aided in the development of boronic acid-based sensors
because both diboronic and polyboronic acid systems (boronic acid based polymer) offer
enhanced glucose selectivity, which allows the acid to bind more strongly with glucose than
with fructose. Moreover, triggering the number of valances for glucose allows more enhanced
selectivity for glucose in boronic-acid based sensors, 3318
It is expected that the pNIPAm-co-APBA-microgels-etalon device will be based on Wu’s

185

study > and is highly selective to glucose. The pNIPAm-co-APBA microgels exhibit a resonant

frequency shift in response to glucose, sucrose, and galactose. Compared to the respective
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resonant frequency shift (AHz), we can determine that the sugar, which has highest resonant
frequency shift, has the highest selectivity for pNIPAm-co-APBA microgels. As each buffer
has the same ionic strength, we assume that the ions are not influencing the microgels. Figure
3.3 shows the resonant frequency shift corresponding to the increased concentration of each

sugar (glucose, sucrose, and galactose) in the buffer solution.
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Figure 3.3 The selectivity performance in pNIPAm-co-APBA microgels. Glucose-, sucrose-,
and galactose-responsive measurement by resonant frequency shift. Each point indicates 0.11
g/dL, 0.14 g/dL, 0.175 g/dL, and 0.199 g/dL (left to right) of glucose buffer solution (pH 9.5)
introduced into microgels.

The pNIPAm-co-APBA-microgels-based QCM shows different resonant frequency shifts
by different sugar concentrations of the buffer solution. Only glucose showed an increasing
resonant frequency shift. Sucrose and galactose showed a stabilized resonant frequency shift.
The fact that pNIPAm-co-APBA microgels contain “polyboronic” acid that shows enhanced

glucose selectivity suggests that the pNIPAm-co-APBA-microgels-etalon-based device is
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highly selective to glucose. This device’s high glucose selectivity means that we can offer a
new platform: a pNIPAm-co-APBA microgel-based glucose sensor.
3.3.2 Reproducibility Performance

The purpose of this investigation was to show that a pNIPAm-co-APBA-microgels-etalon-
modified QCM device can provide consistent results after multiple uses. The reproducibility
performance demonstrated how many times the microgel-modified QCM device could show
glucose responsivity. Repeated addition of each concentration of the glucose buffer solution
was conducted until the resonant frequency shift was stable. The stable frequency signaled that
the microgels were saturated, and no more glucose molecules could bind to them. After the
glucose buffer solution (pH 9.5) was introduced into the QCM holder, the glucose molecules
began binding to boronic acid groups in pNIPAm-co-APBA microgels. The resonant frequency
then increased due to the microgels’ swelling. After the glucose molecules were removed from
the microgel by adding 0.1 M HCI, the rinsed microgels on the QCM device showed a number
of reproducible resonant frequency shifts. This means that the microgels were able to be reused
multiple times for glucose detection. Each error was calculated using the standard deviation
from the average of each glucose concentration’s resonant frequency shift. Figure 3.4 shows
the resonant frequency shift recorded after the addition of 0.05 g/dL and 0.11 g/dL of glucose

buffer solution.
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Figure 3.4 The resonant frequency shift for each A) 0.05 g/dL and B) 0.11 g/dL of glucose
buffer solution (pH 9.5) added at 25 °C.
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Each 0.05 g/dL of glucose buffer solution added showed a range of 345 Hz ~400 Hz. The
average is 370 Hz (20 Hz). The 0.11 g/dL of glucose buffer solution provides a higher resonant
frequency shift than does 0.05 g/dL. The pNIPAm-co-APBA microgels showed glucose
responsivity until the eighth addition of the glucose buffer solution. The resonant frequency
shift showed a range of 1100 Hz ~ 1650 Hz and an average shift of 1380 Hz (=140 Hz). When
we added 0.11 g/dL of glucose buffer solution, the resonant frequency shift increased four times
more than it did when we added 0.05 g/dL of solution. The 0.05 g/dL and 0.11 g/dL additions
resulted in reproducible resonant frequency shifts that were four and eight times, respectively.

After the 0.125 g/dL and 0.14 g/dL additions of glucose buffer solution, both resonant
frequency shifts increased more than when 0.05 and 0.11 g/dL were added. Figure 3.5 shows
the resonant frequency shifts for both concentrations.
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Figure 3.5 The resonant frequency shift for each A) 0.125 g/dL and B) 0.140 g/dL of glucose
buffer solution (pH 9.5) added at 25 °C.
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The 0.125 g/dL and 0.140 g/dL glucose additions reproduced the resonant frequency shift
six times. The resonant frequency shifts ranged from 1250 Hz ~ 2750 Hz with an average of
1800 Hz (+540 Hz), and 1750 Hz ~ 2750 Hz with an average of 2300 Hz (£310 Hz) in the

0.125 and 0.14 g/dL glucose buffer solution, respectively.
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Figure 3.6 The resonant frequency shift for each A) 0.155 g/dL and B) 0.175 g/dL of glucose
buffer solution (pH 9.5) added at 25 °C.

The glucose concentration increased again in 0.155 g/dL and 0.175 g/dL. With the same
addition protocol as before, the magnitude of the resonant frequency shift increased and 0.155
g/dL and 0.175 g/dL glucose addition reproduced the resonant frequency shift eight times and
five times, respectively. Figure 3.6 shows both concentration glucose buffer solutions added to
pNIPAm-co-APBA microgels and their resonant frequency shifts. The resonant frequency shift
increased in a range of 2000 Hz ~ 2700 Hz with an average of 2300 Hz (£210 Hz) in the 0.155
g/dL buffer solution, and in a range of 2200 Hz ~ 2700 Hz with an average of 2400 Hz (+150

Hz) in the 0.175 g/dL buffer solution.
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Figure 3.7 The resonant frequency shift for each A) 0.199 g/dL of glucose buffer solution (pH
9.5) added and B) The average resonant frequency shift in all ranges of glucose added to the
buffer solution at 25 °C
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The last addition was 0.199 g/dL of glucose buffer solution. The entire resonant frequency
shift for each glucose concentration is shown in Fig 3.7 A). The higher concentration of glucose
buffer solution leads to the lowest viscosity and greatest swelling in the pNIPAm-co-APBA
microgels. This promotes the QCM oscillation and increases the resonant frequency shifts.’
Adding 0.199 g/dL of a glucose buffer solution shows the resonant frequency shift in a range
0f 2000 Hz ~ 3400 Hz with an average of 260 Hz (420 Hz). In figure 3.7 B), the 0.05 g/dL to
0.14 g/dL range showed a linear relationship between the resonant frequency shift and glucose
concentration with a 0.983 R? value. After the 0.14 g/dL point, the results were the same.

It was challenging to obtain a low standard deviation in reproducible resonant frequency
shifts. That is because during the adding acid protocol to remove glucose molecules, we cannot
determine that the glucose molecules are completely removed from the microgels’ network,
which leads to an inaccurate resonant frequency shift and, consequently, a high standard
deviation. The overall results are shown in Table 3.1.

Table 3.1 The resonant frequency shift in different glucose concentrations and the
reproducibility of each concentration

) . The number of times microgel
Concentration (g/dL) | Resonant frequency shift (AHz) can be reproduced
5.00x 1072 372 (£21) 4
1.10x 10! 1380 (£140) 8
1.25x 10! 1820 (£540) 6
1.40% 107! 2260 (£310) 6
1.55x 10! 2290 (+210) 8
1.75% 107! 2410 (x150) 5
1.99x 10! 2550 (£420) 7

Table 3.1 showed that the resonant frequency shift increases concurrently with increases
in the glucose concentration. Also, our microgel-modified QCM can be reused at least six times

for glucose detection. Also, the QCM device shows a linear relationship ranging from 0.05
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g/dL to 0.14 g/dL between the glucose concentration and resonant frequency shift. The linear
relationship in those ranges can be explained by equation 10, below.
y = 18000 (£1400)x — 540 (£70)

The previous glucose-responsive pNIPAm-based microgel studies Equation 10
demonstrated that the hydrodynamic radius of the microgels’ (Ru) value
increases dramatically as the glucose concentration increases.’’> Additionally, in the
pNIPAm-co-APBA microgel-etalon device, when glucose binds to the microgel, the resultant
swelling increases the thickness of the microgel layer, which is between the two Au layers.?”->
Through the selectivity and reproducibility performances, our microgel-based QCM device
shows glucose selectivity and is reusable for glucose detection.
3.4 Conclusions

The pNIPAm-co-APBA-microgel-etalon-modified QCM device shows great performance
for glucose detection. Using a binding mechanism between boronic acid groups and glucose
molecules turns microgels into glucose-responsive material. The presence of boronic acid
groups in the microgels shows a higher selectivity to glucose than to other carbohydrates such
as sucrose and galactose. Also, this microgel-modified QCM device shows reproducible
resonant frequency shifts. To obtain accurate resonant frequency shifts during QCM device
regeneration, it is necessary to remove the glucose molecules from the microgels. In order to
observe consistency in the resonant frequency shifts, it is necessary to develop a rinsing
protocol. The microgel-modified QCM device can be used for glucose detection at least six

times. Their inexpensive material, specific analyte selectivity, and reusable properties make

pNIPAm microgels a new platform and promising material for biosensing applications.
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CONCLUSIONS

Chapter 1 provided a general concept of stimuli-responsive polymers and introduced
pNIPAm microgels. The chapter showed how pNIPAm-based microgels with different
comonomers show stimuli responsivity, and that etalon fabrication provides enhanced
sensitivity of stimuli in the microgel system. The chapter introduced a QCM-based sensor that
functions by using changes in the mass of coating material on the QCM crystal.

Chapter 2 showed that pNIPAm with 3-aminophenylboronic acid (APBA) microgels are
glucose-responsive. The boronic acid groups in pNIPAm microgels were able to bind to diols
in glucose. Several methods were suggested to homogeneously coat the microgel on QCM
crystal, but we did not find a better way to do this. Also, to find an enhanced glucose sensitivity,
we tested the amount of APBA in microgels and the different diameters of the microgels to see
how they affected the resonant frequency shifts. We determined that 10% of a pNIPAm-co-
APBA microgel with a large diameter (1727.5 nm) was the appropriate microgel for glucose
detection.

In Chapter 3, we looked at the performances of pNIPAm-co-APBA-microgels-based-
etalon QCM device glucose selectivity and reproducible resonant frequency shift. The QCM
device reproduced resonant frequency shifts multiple times with glucose addition and was
highly selective to glucose and not to other sugars such as sucrose and galactose. As a result of
both performances, the relationship between glucose concentration and the resonant frequency

shift showed a linear trend with a 0.983 12 value in the range of 0.05 g/dL to 0.14 g/dL.
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FUTURE DIRECTION

As discussed in Chapter 2, a poly (N-isopropylacrylamide)-co-3-(acrylamido)
phenylboronic acid microgel (pNIPAm-co-APBA) showed glucose sensitivity. Chapter 2
showed how the microgel system provides enhanced glucose sensitivity. It also showed that the
resonant frequency shift is easily affected by surface conditions on a quartz crystal
microbalance (QCM) crystal. To obtain accurate glucose sensitivity using resonant frequency,
it is also necessary to further investigate coating a microgel monolayer on QCM crystal. To
demonstrate a coated microgel layer on the QCM crystal, it is necessary to take scanning
electron microscope or transmission electron microscope images of the microgel layer on the
QCM crystal. Furthermore, the way in which different glucose concentrations affect microgels’
glucose responsivity by ultraviolet-visible spectroscopy needs to be very specific. The UV-VIS
results showed decreased absorbance in specific glucose concentrations. However, after 0.14

g/dL glucose was added, the UV-VIS results did not show any glucose sensitivity. This means

that we need to investigate what happens when much higher glucose concentrations are added,
and how UV-VIS will show the absorbance.

Chapter 3 examined pNIPAm-co-APBA microgel’s glucose selectivity and reproducible
resonant frequency shift. Sucrose is a disaccharide, so we also need to use the other common
monosaccharide, fructose, for glucose selectivity. This will allow us to compare glucose
selectivity in only monosaccharides. Also, other interference species, such as different ionic
strength and proteins in blood, affect resonant frequency shifts. After we find all of the
interference species effects, the QCM device could be more precise and accurate.

During the reproducibility performance, one QCM crystal measured the resonant
frequency shift for one concentration. Overall, seven different QCM crystals were used for

seven different glucose concentrations. During the measurement of resonant frequency, the
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QCM crystal was in the QCM holder and was not taken out. The results contained huge errors,
and it is necessary to investigate the source of those errors. Each glucose concentration was
measured by several different QCM crystals to obtain their average number of reproducibility.

It is also necessary to learn how many times the microgel-modified QCM device is reusable
for each concentration. The data we had been collecting until the resonant frequency shifts
stabilized had been useful data. After the shifts stabilized, the data generated was not useful.
The question is, had we resumed adding glucose, might we once again have been able to
generate useful data? It is important, therefore, that we define the criteria of reusability of our
QCM device for glucose detection. Doing so will provide the answer to that question, and
ensure that our device is reliable. Defining the criteria of reusability of our QCM device for
glucose detection might provide the answer to that question. Once we define that criteria, our

device can be considered reliable.
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